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CHAPTER I 
 
INTRODUCTION 
 
In contrast to the historically unprecedented progress in productivity and 
performance in the semiconductor industry, the basic device structure of integrated 
circuits (ICs), the metal-oxide-semiconductor-field-effect-transistor (MOSFET), has 
changed very little since it became the predominant design in the 1970s1. In the last three 
decades, the primary attention was put on gate length scaling, so dynamic-random-
access-memory (DRAM) half pitch was used to name technology generations. The 
progress of the semiconductor industry to move from one technology generation to 
another was primarily based on the development of new lithography tools, masks, 
photoresist materials, and critical dimension etch processes2.  
Continued scaling requires the introduction of new materials to sustain further 
progress. In the past few years people have identified more challenges due to the physical 
limits of materials used to fabricate MOSFET devices3. The semiconductor industry has 
entered “the era of material limited device scaling”3. Various designs and plans to 
substitute the current materials used in ICs have been proposed, such as low-k 
dielectrics4, high-k dielectrics5, carbon nanotubes6,7, and various modified MOSFET 
structures8.  
Figure 1 shows the basic structure of a n-channel MOSFET transistor. The base of 
the device is p-type silicon. Two n+ areas, the source and the drain, are formed by adding 
donor atoms, such as phosphorus, into the silicon lattice. Above the silicon substrate 
between the source and drain is a thin silicon dioxide layer called the gate dielectric layer. 
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Figure 1: MOSFET structure 
 
The conductive gate on the top of the silicon dioxide layer completes the structure. 
MOSFET transistors act as switches in ICs, turning on and off the current 
between the drain and the source. A potential difference is applied between the drain and 
the source (VDS). When the gate voltage (VG) is lower than the threshold voltage (Vt) of 
the MOSFET device, the potential drop VDS is held by the pn junctions between the 
source and the substrate. No current can flow from the drain to the source, and the 
MOSFET device is in the off condition. When VG is larger than the threshold voltage of 
the device, a potential drop is sustained across the silicon dioxide layer. Holes under the 
gate dielectric are pushed away, creating a conductive inversion layer of electrons 
underneath the silicon dioxide. This conductive layer is called the channel. Current can 
flow from the drain through this conductive channel to the source, and the MOSFET 
device is turned on. 
The dimensions of the MOSFET have steadily been decreased to increase the 
degree of integration and promote functionality of the circuit. The constant-field scaling 
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method has been used widely as the rule for designing the scaled-down MOSFET 
devices1. Constant field scaling laws require the decrease of both the vertical and lateral 
dimensions of the devices by a factor κ, while increasing the doping concentration by the 
same factor κ . Table 1 summarizes the constant field scaling laws and their effects on 
device operations9. We can see that by scaling the dimensions of the MOSFET devices, 
the time to switch the MOSFET devices on or off (gate delay) is decreased by the same 
factor κ. Therefore, the calculation speed can be increased by a factor κ. At the same 
time, the lateral dimensions are decreased by κ times, so the surface area of MOSFET 
devices decreases by a factor of κ2. More functionality can be integrated on the same 
surface area. MOSFET scaling well satisfied customer’s demands on high-speed 
calculation and complex functionalities. Consequently, it has been the primary means for 
the semiconductor industry to move forward.  
The semiconductor industry has been well known for its fast paced progress. Moore’s law 
quantitatively predicted that the logic circuit density on a single chip and its performance 
would continue to double every two to three years, while the memory capacity would 
quadruple in the same period of time10. In order to keep pace with the Moore’s law, the 
semiconductor industry has been aggressively making progresses in MOSFET scaling 
and technology development. The physical gate length of MOSFET devices has been 
decreased by more than 80 times from ~ 5µm in 19741 to ~ 60 nm in 200411, while the 
gate dielectric layer thickness has been decreased from 100 nm in 19741 to 1.2 nm in 
200411. It needs to be pointed out that the 1.2 nm gate dielectric thickness is the 
equivalent physical gate dielectric layer thickness (EOT), which refers to the equivalent 
thickness of the gate dielectric layer if SiO2 is used.  
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Table 1.1: The scaling of MOSFET devices9  
Scaling factors:  
Surface dimensions 1/κ 
Vertical dimensions 1/κ 
Doping concentration κ 
Influenced parameters:  
Currents, Voltages (VG, VDS) 1/ κ 
Current density κ 
Capacitance per unit area  κ 
Gate delay 1/ κ 
Power dissipation IdsDds 1/ κ2 
Power-delay product 1/κ3 
 
After decades of unabated efforts in device scaling, the semiconductor industry 
has pushed the gate silicon dioxide layer to its physical limit. Many research results have 
shown that using a silicon dioxide dielectric layer thinner than 1.5 nm will result in high 
tunneling currents from the gate to the substrate12-14. Low-level leakage current will 
directly increase power consumption. Moreover, if the leakage current is significant 
compared with the channel current, MOSFET devices cannot be turned on and off 
effectively, and hence will fail to function properly.  
Research results have also shown that the leakage current increases exponentially 
with decreasing dielectric film thickness12,13. Therefore, using a thicker film is an 
effective method to block these leakage currents. At the same time, in order to maintain 
the gate capacitance across the dielectric films, a material of a higher dielectric constant 
than SiO2 needs to be used, as shown by  
khigh
khigh
SiO
SiO
ox d
k
d
kC
−
−== 00
2
2
εε      (1.1) 
It is widely accepted that high-k dielectric materials will be integrated into ICs in the near 
future5,12,15-17.  Investigations of materials of higher k values, such as Ta2O518, TiO219, 
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Y2O320, Al2O321,22, ZrO220,23-25, ZrSixOy26,27, HfSixOy27,28, and SrTiO329, are currently 
underway.  
In this work, we investigate the issues related to the high vacuum metal organic 
chemical vapor deposition (HV-MOCVD) and characterization of ZrO2 for high-k gate 
dielectric applications.  In Chapter II, we will discuss the requirements of high-k 
materials, the properties of ZrO2, and the deposition processes of ZrO2 thin films. In 
Chapter III, we will address ex-situ spectroscopic ellipsometry (SE) characterization of 
ZrO2 samples. In Chapter IV, we will address in-situ SE monitoring of the deposition 
process of ZrO2 during HV-CVD, and develop a model to describe the deposition 
process. In Chapter V, we will show comprehensive analysis results of ZrO2 samples 
deposited during HV-CVD, and confirm the model developed in Chapter IV. In Chapter 
VI, we will summarize the results obtained in this work, and make recommendations for 
future work.  
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CHAPTER II 
 
BACKGROUND 
 
2.1 High-k Material Property Requirements  
High-k materials must meet a set of requirements to be a successful gate dielectric 
material. These requirements have been reviewed in detail5,12,22,30-36. We will summarize 
the property requirements on high-k materials, and will discuss more details on the 
deposition processes and properties of deposited ZrO2 films in this chapter. 
 
2.1.1 Dielectric Constant and Band Offsets 
Using a thicker dielectric material to replace silicon dioxide as the gate dielectric 
layer requires the dielectric material to have a higher dielectric constant than silicon 
dioxide (kSiO2 = 3.9). In addition to having a higher dielectric constant than silicon 
dioxide, the material must have a sufficient energy barrier height because the leakage 
current increases exponentially with decreasing energy barrier height5.  
Figure 2 shows the energy band diagram of metal-dielectric-silicon stack structure 
at the flat-band condition, where ΦM is the work function of the metal, χ is the 
semiconductor electron affinity, Eg is the semiconductor band gap, EC is the conduction 
band, Ev is the valance band, Ef is the Fermi level, Ei is the intrinsic Fermi level of 
silicon, and ψB is the difference between the Fermi level and the intrinsic Fermi level of 
silicon. Electrons must overcome an energy barrier to create direct tunneling currents 
flowing between the silicon substrate and the gate. When the substrate is p-type silicon 
(Figure 2.a) the  gate  is  typically  positively  biased, so  electrons tend  to travel from the 
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(a) 
 
              
       (b) 
Figure 2: The band diagram for MIS diodes for (a) n-type and (b) p-type silicon substrate 
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silicon substrate to the gate. The energy barrier of this movement is the conduction band 
offset,  
( )[ ]BMC qE ΦΦχ∆ −−=      (2.1) 
When the substrate is n-type silicon (Figure 2.b), the gate is typically negatively biased, 
so  electrons  tend to travel  from  the  gate to the silicon  substrate. The  energy  barrier is 
BV qE Φ∆ =      (2.2) 
The conduction band offsets for high-k materials currently under investigation, are much 
lower than that of silicon dioxide (3.5 eV)35. This has become a disadvantage for high-k 
materials. Additionally, as shown in Figure 2, the barrier height is closely related to ΦB, 
which is often taken as half of Eg for the gate dielectrics35,9. Therefore, high-k materials 
of high band gap and band offset are most desirable. 
Dielectric constants measured from thin film samples, especially the ultra thin 
films for gate dielectric applications, are seldom available. Typically dielectric constants 
measured from bulk materials are used in material selection. Figure 3 plots band gaps 
against dielectric constants of several materials currently under investigation. Although a 
conclusive quantitative relationship between band gaps and dielectric constant is not 
available, Figure 3 shows a trend that materials with higher dielectric constants tend to 
have lower band gaps. Among materials under investigation, ZrO2, HfO2, Y2O3, Al2O3 
show potential use for gate dielectrics. They have relatively high dielectric constants and 
high band offsets. Note that the dielectric constants measured from bulk materials are not 
the same as those measured from films. The crystallinity and structure more strongly 
affect the dielectric constants of thin film samples than bulk materials. Additionally, as 
we will discuss in Section 2.2, it is difficult to deposit high-k films on silicon without any  
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Figure 3: Plot of the optical band gaps and dielectric constants of some potential high-k 
gate dielectric materials30,32,37,38  
 
interfacial layers. Measurements on thin film samples often obtain an effective dielectric 
constant, which includes the contribution from the whole dielectric-interfacial layer-
silicon stack structure. These results are often lower than values measured from bulk 
materials. 
 
2.1.2 Thermal Stability 
The integration of high-k materials into MOSFET devices involves more than a 
physical replacement of the silicon dioxide layer by using high-k materials. The 
controllable abrupt low defect interface between silicon dioxide and silicon was one of 
the key factors to the success of the SiO2/Si material system in the semiconductor 
industry5. We have been discussing electrical property requirements on high-k material 
itself. We will discuss more details on the integration of high-k materials into MOSFET 
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structure and the requirements necessary to facilitate the proper operation of MOSFET 
devices. 
Successful high-k materials need to be thermodynamically stable with the gate 
metal and silicon substrate. If the dielectric material reacts with the silicon substrate 
during deposition or in the subsequent IC fabrication processes, an interfacial layer will 
form. The interfacial layer could be composed of silicon dioxide, silicide, silicates, or an 
alloy of high-k material and silicon dioxide. The dielectric-interfacial layer-silicon stack 
structure behave as two capacitors in series, and the effective dielectric constant of the 
gate dielectric structure is 
erfaceint
erfaceint
khigh
khigh
e
e
k
d
k
d
k
d +=
−
−      (2.3) 
Since the dielectric constants of these interfacial materials are lower than high-k 
materials, the effective dielectric constant of the gate dielectric structure is significantly 
reduced. This further reduces the ultimate equivalent oxide thickness that can be achieved 
by using high-k materials 
khighkhigherfaceinterfaceinte d)kk(dd −−+=     (2.4) 
The formation of interfacial layers between high-k materials and the silicon substrate 
should either be prevented or minimized. 
Systematic thermodynamic stability studies of metal oxides and metal nitrides 
have shown that only a limited number of materials have sufficient thermodynamic 
stability with silicon32,39. Both calculation and experimental results have shown that BeO, 
MgO, Al2O3, ZrO2, Be3N2, BN, AlN, Si3N4, Ti3N4, Zr3N4 are stable with silicon at CMOS 
processing conditions32. However, we need to keep in mind that the formation of 
interfacial layers is strongly affected by the deposition process as well. Both reactants and 
 11 
deposition intermediates can potentially react with the silicon substrate and form 
interfacial layers. To control the formation of an interfacial layer and minimize the 
interfacial layer thickness is the major goal of many studies. We will discuss these issues 
in detail in Section 2.2. 
  
2.1.3 Interfacial Quality 
A high-k film and the underneath silicon substrate form a heterogeneous interface. 
Materials on the two sides of the interface are composed of different atoms. The size and 
the coordination number of these atoms, the bond angles, and the bond strengths, are 
different. These differences cause lattice mismatch at the interface, creating dangling 
bonds and introducing defects. This will degrade carrier mobility and cause leakage 
current. Significant carrier mobility degradation will nullify the effort to promote 
performances by channel length scaling. The time to switch the MOSFET device may not 
be decreased even though the channel length has been shortened.  
Recent theories on bonding constraints have been used to evaluate the issues 
related to the interface between the silicon substrate and high-k films40. Constraint theory 
is based on the idea that the bonding forces can be arranged in a hierarchy of different 
strength in a covalently bonded network. Bonding constraints are a linear function of the 
difference between the average coordination numbers at the interface, and the optimal 
coordination number is 2.4. If the average number of bonds per atom is larger than 3, the 
interfacial defect density increases proportionally40.  The Si/SiO2 interface has very low 
interfacial bonding misfit, and a very low average coordination number 2.67. 
Consequently, the Si/SiO2 system has a midgap interface state density Dit ~2×1010 
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states/cm2, which is ideal for gate dielectric application. Compared with the Si/SiO2 
system, Si/metal oxide systems have higher average coordination numbers, for example, 
4.0 for Si/TiO2, 3.5 for Si/Ta2O5, and 3.6 for Si/Al2O340. In accordance with these 
bonding constraints results, most of recently reported high-k material/Si interfaces have a 
high midgap state density of 1011 – 1012 states/cm2, and a high flat-band voltage shift of 
more than 300 mV. Compared to the Si/SiO2 interface, the bonding constrain problem is 
a very important issue for Si/high-k dielectric material system40-42.  
Bonding constraint theory suggests surface engineering procedures before high-k 
dielectric deposition may help decrease the bonding constraints on high-k film/Si 
interface. A typical example of the application of bonding constraint theory is Si3N4. 
Si3N4 is a good dielectric material, with a higher dielectric constant (k=7) and the ability 
to effectively decrease tunneling current. However, the average coordination number of 
Si3N4 is 3.43. The high interfacial bonding constraint makes it a bad candidate as a gate 
dielectric material43. Some researchers, however, have deposited silicon oxide/nitride 
onto silicon to form a Si-N-SiO2 structure, dropping the coordination number to 2.8. 
Good results in lowering tunneling current have been obtained with this material 
system18,20,44-47. A similar result was reported recently on the property modification of 
Ta2O5 films using N-doping methods48.  
Other than N-doping methods, which involve foreign elements, silicate 
compounds have attracted much interest in high-k dielectric research. Due to the 
structural similarity between silicate and silicon oxide, both reduced tunneling current 
and reduced interfacial energy state densities were obtained in research27,28. Similarly, a 
recent report showed that the leakage current of Ta2O5 film could be decreased by 10-4 
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A/cm2 by carbon doping49. In a summary of the bonding constraint theory42, Lucovsky 
explained the necessity of the interfacial ultra-thin transition silicon oxide or silicate 
layer, and concluded that the Zr(Hf)O2-SiO2 and doped Al2O3 interfaces will show the 
least interfacial constraint among the metal oxide type high-k dielectric candidates. At the 
same time, a ternary oxide stack structure, such as SiO2/ZrO2/Y2O3, was suggested for 
gate dielectric layers. 
In addition to bonding constraints and dangling bonds on the interface, fixed 
charges on interface and in the high-k films is another factor that affects MOSFET 
operation. Their direct influence is on the shift of the flat-band voltage, which could 
further influence the threshold voltage of MOSFET devices9. Fixed interfacial charges 
can also affect the mobility in the channel through Coulomb scattering50. Fixed charges 
are often introduced during wet etching process before thermal oxidation in the 
traditional SiO2/Si material system. Contamination control is the key to minimizing fixed 
charges. For a high-k/Si materials system, the problem of fixed charge is comparatively 
less critical because high-k films themselves will bring more metal ions on to the 
interface51. 
 
2.1.4 Morphology 
Film morphology needs to be considered in high-k dielectric material selection. 
Most of the high-k dielectric films currently under investigation are polycrystalline or 
single crystalline, except for Al2O3 films, which are amorphous5. Amorphous films have 
advantages over single crystalline and polycrystalline films. The potential problems of 
the single crystalline materials lie in possible anisotropic film properties. Also, the strict 
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process requirements are necessary to form these single crystalline films, e.g. molecular 
beam epitaxy, may lead to an industrially implausible process52-54. Polycrystalline films 
may be problematic due to high-leakage paths on the grain boundaries, while grain size 
and orientation variation in the polycrystalline films may cause significant variation in 
dielectric constants, possibly making the results irreproducible24,55. Amorphous materials 
eliminate the disadvantages discussed above. However, only a few amorphous material 
systems have been proven to be plausible as high-k dielectric materials, including Al2O3 
films5 and Al2O3-ZrO2 alloy systems56,57. Dielectric constants of these amorphous 
materials are significantly lower than polycrystalline materials.  
Although the consideration of film morphology is reasonable for selecting high-k 
materials, the results are not conclusive. Polycrystalline ZrO2 thin films deposited on an 
amorphous layer of SiO2 have been shown to have excellent electric properties25. The 
dielectric constant for the ZrO2 layer is between 25 and 35, while the interfacial silicate 
layer has a dielectric constant of 6-7. The Dit, ~ 3.1×1011 states/cm2, is in the lower end of 
Dit values for high-k films. The properties can be further modified by alloying with HfO2. 
These results show that both the interfacial properties and the morphology have an 
impact on the electrical properties of high-k/interfacial layered stack structure. An 
amorphous high-k film is not the only possible solution to high-k applications. 
In summary, the primary benefit for integrating high-k dielectrics is to block 
leakage currents so that smaller and faster devices can be made. However, in the reports 
published to date, the silicon/high-k dielectric interface has higher interfacial state 
densities compared to the Si/SiO2 interface. A high interfacial state density directly 
degrades electron mobility in the channel. Electrons will need a longer time to travel 
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through a channel of the same length, so the switching rate of a MOSFET device can 
become even longer. Therefore, carrier mobility degradation due to high interfacial state 
density will nullify the benefit of further MOSFET scaling. For example, if the interfacial 
charge density increases from 1010 to 1011 cm-2 after the integration of high-k dielectrics 
the electron mobility will be decreased by a factor of 2. Therefore, according to the 
constant field scaling laws, a scaling factor of more than 2 is necessary to offset this 
disadvantage. Additionally, low band offset values are potential problems for high-k 
dielectrics. The bonding constraint theory suggests that carefully deposited interfaces 
with submonolayer control of composition can help in obtaining a low defect interface. 
Therefore, both the properties of the high-k films and the properties of the interface or the 
interfacial layer between the high-k dielectric film and the silicon substrate are equally 
important for high-k dielectric applications.  
The major goal of this work was to investigate the formation and the properties of 
ZrO2 film and the interfacial layers between ZrO2 and silicon. Before we discuss details 
of this work, we review the properties of ZrO2 and research reports related to ZrO2 
deposition.  
 
2.2 ZrO2 Properties and Deposition 
2.2.1 Outline of ZrO2 Properties  
 ZrO2 has several outstanding properties making it a leading high-k gate dielectric 
candidate material. ZrO2 has a large band gap (5.0-5.8 eV35,58) and a relatively high 
conduction band offset (1.4 eV) among dielectric materials having similar dielectric 
constants35. The dielectric constant of ZrO2 is in the range of 25-3525. Thermodynamic 
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data have shown that pure ZrO2 in contact with Si is stable at temperatures up to 1000 
°C39. However, experimental results have shown that a zirconium silicide layer is formed 
on the interface when ZrO2/Si is annealed in high vacuum at temperatures higher than 
900 °C59.  Additionally, most research reports show an interfacial layer between ZrO2 
film and the silicon60-63. Since the interfacial layer is often composed of SiO2 (k=3.9) or 
silicate (k= 12.7 as ZrSiO4), the effective dielectric constant of the gate dielectric 
structure is significantly degraded.  
The disadvantage of ZrO2 is its crystallinity. Amorphous ZrO2 is not 
thermodynamically stable at room temperature64. Most research reports have shown that 
deposited ZrO2 films are a polycrystalline material consisting of mixtures of the 
monoclinic, tetragonal, or cubic phases. We have discussed in Section 2.1.4 that 
polycrystalline films could be potentially problematic for high-k gate dielectric 
applications if properties of the ZrO2 or interfacial layer are not well controlled. The 
nucleation process and the interfacial properties of ZrO2 films on silicon must be well 
controlled.  
 
2.2.2 Outline of Challenges in Deposition Processes 
The deposition process for high-k materials presents a significant challenge. In 
MOSFET devices the dielectric layer has two critical interfaces, the top interface with the 
gate electrode material and the bottom interface with the silicon substrate. The major 
challenges with the top interface are related to compatibility issues between the dielectric 
and gate materials34.  
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The difficulties in depositing high-k film and forming a desirable bottom interface 
with the silicon substrate lie in the following three aspects. 
First, since the k values of high-k materials of interests are between 10 and 3532, 
the target thickness of high-k gate dielectric layers is on the order of a few nanometers. 
Topology development during deposition could be large enough to affect the uniformity 
of high-k film properties. Thinner areas become weak spots for direct tunneling currents. 
The deposition process will have to be able to controllably deposit very uniform ultra thin 
films.  
Second, unlike silicon dioxide, which is grown into the silicon substrate through 
thermal oxidation65, high-k gate dielectric layers have to be deposited on the silicon 
substrate. Both predeposition surface preparation and deposition process itself can 
strongly affect the properties of the interface, such as interfacial state density and fixed 
charge density, which further affect MOSFET parameters9. Hence, the process for 
forming high-k films must be able to control the formation and the quality of the 
interface.  
Third, the interfacial layer can be both beneficial and detrimental for high-k gate 
dielectric applications. The interfacial layer helps relax the bonding constraints on the 
interface. Accordingly, the interfacial layer helps prevent significant carrier mobility 
degradation and benefits MOSFET operation. At the same time, the interfacial layers are 
often amorphous. A high quality interfacial barrier layer can help block direct tunneling 
currents even though the high-k dielectric film itself is polycrystalline. Bonding 
constraint theory suggests that a 3-6 Å thick interfacial layer is necessary for lowering the 
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bonding constraints on the interface. However, the thickness of interfacial layers must be 
minimized to prevent unnecessary effective dielectric constant degradation.   
In brief, film property control, such as the control on thickness, composition, and 
microstructure, is the basic requirement for the deposition process of high-k dielectric 
films. The gate dielectric application has more requirements related to interfacial property 
control. The formation of the interface, the thickness of the interfacial layer, uniformity 
of these ultra thin gate dielectric films are all critical parameters for MOSFET operation. 
They will affect device parameters such as gate capacitance, the threshold voltage, and 
the flat-band voltage. Detailed study of the initial-stage deposition and nucleation of 
high-k dielectric films is critical for solving these technical difficulties.   
Before detailing our research work, we will review some deposition processes for 
high-k gate dielectric films. Since sputtering and plasma enhanced chemical vapor 
deposition processes can potentially damage the silicon substrate and induce defects, we 
will limit the discussion to atomic layer chemical vapor deposition (ALCVD), molecular 
beam epitaxy (MBE), and metal organic chemical vapor deposition (MOCVD). We will 
show that initial-stage deposition and nucleation control are critical for the deposition 
process of high-k gate dielectric films. We will also discuss details of the chemistry of the 
deposition process and its influence on the nucleation behavior and film properties.  
 
2.2.3 Atomic Layer Chemical Vapor Deposition (ALCVD) 
ALCVD has attracted the most attention in recent years for depositing high-k 
dielectric films, including ZrO225,28,59,66-82. ALCVD processes use serial reactions 
between two chemicals, typically a precursor containing proper metal elements, such as 
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metal chloride, and an oxidant, such as water vapor, to deposit films. A typical ALCVD 
cycle has four steps: 
1) The substrate is exposed to water and forms an oxidized sub-monolayer 
or monolayer. The substrate surface is changed into a hydroxyl group 
terminated surface. 
2) The deposition chamber is purged with inert gas, such as nitrogen, to 
clean residual oxidant in the deposition chamber. 
3) The surface is exposed to metal precursor vapor, such as metal chloride. 
Since metal chloride can only react with the surface hydroxyl group, a 
sub-monolayer to a monolayer metal component is deposited. The 
surface is changed into a metal chloride terminated surface.  
4) The process is finished with another purging step to clear residual metal 
precursor.  
Therefore, one metal oxide monolayer can be deposited in each deposition cycle. Metal 
oxide films can be deposited in multiple deposition cycles. In practice, most processes 
operate in an ALCVD “process window”83, typically in the temperature range of 300-350 
°C, providing enough thermal energy to allow the chemical reactions to complete 
quickly. Since at least one reactant is limited by chemical surface adsorption, the 
deposition proceeds in a layer-by-layer mode. Therefore, the deposition rate does not 
change with increasing temperatures81,83.  
ZrO2 ALCVD is often operated at 300-350 °C by using ZrCl4-H2O as 
precursors25,66-69,72,80,81. A deposition rate on the magnitude of ~ 1 Å/cycle was reported81. 
Because the process proceeds layer by layer, ZrO2 of a desired thickness can be 
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controllably deposited. All the deposited ZrO2 films are polycrystalline, consisting of 
both the tetragonal and monoclinic phases. The grains are separated by amorphous 
ZrO259,66. However, ZrO2 films show significantly different properties when different 
substrates were used. These substrates included hydrogen terminated silicon (100) (H-
Si)59,67,71,84, native silicon oxide25,66,68,72, thermal silicon dioxide59,67,84, fused quartz71, 
glasses69,81, silicon nitride25, and silicon oxynitride67. Based on the surface termination of 
these substrates, the starting surfaces can be classified into three types: hydrogen 
terminated surfaces (H-Si), hydroxyl group terminated surface (HO-Si), including all the 
oxidized substrates and glasses, and nitride or oxynitride terminated surfaces.  
When H-Si is used as the starting surface, hydrogen termination acts as a 
passivation layer against the initial surface saturation with water molecules, causing 
uneven nucleation. The resulting ZrO2 films consist of ZrO2 islands25,59. High surface 
roughness and high leakage currents were reported from ZrO2 films deposited on H-Si. 
This indicates that ZrO2 deposited on H-Si is not suitable for gate dielectric 
applications25,67,84. Additionally, although the silicon substrate is not intentionally 
oxidized before deposition, 10-20 Å thick interfacial layers often exist between ZrO2 
films and the silicon substrate25,59. Using H-Si surfaces does not, as expected, minimize 
the thickness of interfacial layers.  
When HO-Si is used as the starting surface, the resulting ZrO2 films are uniform. 
Since the silicon substrates are oxidized before deposition, interfacial layers are present. 
These layers are 12-22 Å thick59,72, very close to the silicon oxide layer before deposition. 
No apparent oxidation of the silicon substrate occurred during deposition72. Surface 
preparation, instead of deposition conditions, is discovered to be the major factor in 
 21 
determining the interfacial layer thickness25. The interdiffusion between ZrO2 and SiO2 is 
very low at deposition temperatures, and the interface between ZrO2 and the silicon oxide 
layer is abrupt72. However, other reports show that the interfacial layer consisted of 
zirconium silicate, suggesting possible ZrO2 and silicon oxide interdiffusion25. High 
temperature annealing results show that the interdiffusion between ZrO2 and SiO2 is 
important, resulting in a zirconium silicate layer66. ZrO2 deposited on OH-Si has superior 
electrical properties to ZrO2 films deposited on H-Si. Leakage currents in a ZrO2/SiO2 
structure are 4-5 orders of magnitude lower than SiO2 of equivalent electrical thickness84. 
Low surface state densities on the order of 1011/cm2eV have been reported25,84. These 
properties show that ZrO2 is potentially suitable for high-k dielectric applications.  
 ALCVD process using ZrCl4-H2O relies on careful predeposition surface 
preparation to obtain a HO-Si starting surface. An interfacial layer must be intentionally 
introduced before the deposition process can proceed. The thickness of this oxidized 
layer must be minimized. Therefore, oxynitride and silicon nitride were used as 
interfacial layers. Oxynitride surfaces and silicon nitride surfaces have higher dielectric 
constants than silicon dioxide. At the same time, they provide additional protection 
against silicon oxidation during deposition. The nucleation behavior of ZrO2 on nitride or 
oxynitride surfaces is not as problematic as it is for deposition on H-Si. At an EOT value 
of 13.8 Å, a leakage current of 10-5 A/cm2 at 1 V below flat-band, and a Dit of ~ 1×1012 
/cm2eV have been obtained for ZrO2 deposited on silicon nitride. These properties are 
slightly worse than ZrO2 deposited on HO-Si.  
Another shortcoming of ALCVD process using ZrCl4-H2O is the uneven 
nucleation on H-Si surfaces. Different precursor combinations were investigated to 
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improve the nucleation behavior of ZrO2 on H-Si surfaces. One of the representative 
combinations is zirconium t-butoxide (ZTB) and H2O70,78,79. In ALCVD, the substrate is 
first exposed to ZTB, instead of water vapor as in ALCVD using ZrCl4-H2O, and then 
exposed to water vapor78,79. Since ZTB decomposes at temperatures higher than 250 °C, 
ZTB is often used in MOCVD of ZrO2 films. To prevent the thermal decomposition of 
ZTB, ALCVD using ZTB-H2O is operated at temperatures lower than 300 °C. By 
optimizing the exposure time and pressure range of ZTB and H2O exposure, a uniform 
amorphous ZrO2 film can be obtained on H-Si surface78,79. The amorphous structure is 
preserved even after 400 °C annealing in N278,79. It was discovered that both the lowest 
deposition rate and the lowest surface roughness were achieved using temperatures in the 
range of 200-250 °C78,79. The author postulated that excessive surface adsorption at lower 
temperatures and excessive decomposition of ZTB at higher temperatures could be the 
cause of high surface roughness. The relationship between deposition rate and surface 
roughness was not clearly understood.  
Thermal decomposition of ZTB also occurs in the temperature range used for 
these studies. Therefore, the deposition does not proceed strictly in a layer-by-layer 
fashion, although a steady deposition rate can be achieved. ALCVD using ZTB-H2O also 
shows a 12-15 Å thick interfacial layer78,79, similar to results of ALCVD using ZrCl4-
H2O. Silicon nitride was also used as starting surface for ALCVD of ZrO2 from ZTB-
H2O. The oxidation of the silicon substrate was effectively suppressed by the silicon 
nitride interfacial layer. Film electrical properties, such as Dit in the range of 
1012/cm2eV78, have been reported from films deposited from ZrCl4-H2O. However, the 
flat-band voltage was as high as 400-500 mV due to a high density of fixed charges78. A 
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separate report showed that high residual contamination, such as carbon and hydrogen, 
can be present in ZrO2 deposited from ZTB-H2O70.    
Devices fabricated with ZrO2 deposited by ALCVD processes using H2O exhibit 
high flat-band voltage shift (up to 0.9 mV72,74,79,84) and high hysteresis (up to 250 
mV25,74). After annealing, devices fabricated using ZrO2 deposited by ALCVD from 
Cp2Zr(CH3)2 (where Cp=cyclopentadienyl, C5H5) and O3 have demonstrated almost no 
flat-band voltage shift, and significantly reduced hysteresis74. However, the reactive O3 
oxidized the silicon substrate, resulting in a 19 Å thick interfacial layer74.   
At the processing conditions stated above, oxygen or water can react with 
zirconium precursor or the silicon substrate, forming an interfacial layer between the 
silicon and the substrate. An alternate ALCVD process, rapid thermal chemical vapor 
deposition (RTCVD), using ZTB and O2 has been developed. In RTCVD, the reactivity 
of O2 is lowered by changing the substrate temperature during oxygen exposure60,61,85. 
Results show that the interfacial layer, a silicate formed during deposition, can be 
reduced to less than 10 Å. As in ALCVD using ZrCl4 and H2O, RTCVD ZrO2 nucleates 
differently on H-Si and HO-Si surfaces, leading to distinct film property differences85.  
In summary, the major advantage of ALCVD of ZrO2 is its layer-by-layer 
deposition, allowing films of desired thickness to be controllably deposited.  However, 
when the starting surface is H-Si, layer-by-layer deposition cannot be achieved using 
ZrCl4 and H2O due to the lack of reactive sites. This results in a non-uniform, leaky ZrO2 
film. Uniform deposition can be achieved by using either a HO-Si surface or a different 
precursor combination, such as ZTB-H2O. When ZTB and H2O are used as precursors, 
the silicon surface was first exposed to ZTB at a temperature that ZTB can thermally 
 24 
decompose. Consequently, the first layer is at least partially formed by the thermal 
decomposition of ZTB.  Therefore, although ALCVD process can theoretically deposit 
metal oxides layer-by-layer, the properties of deposited films are determined by factors 
other than the ALCVD process itself. H2O used in ALCVD also introduces more fixed 
charges in the film and high level of unsaturated bonds, resulting in high hysteresis and 
high flat-band voltage shift in devices fabricated with these films. A transition period, at 
the very beginning of deposition process, has been reported for ALCVD on both H-Si 
and HO-Si surfaces67. In this transition period, the deposition rate increases with 
deposition time. This phenomenon has not been well understood though the properties of 
the starting surface were shown to be most influential. Details on initial-stage deposition, 
especially the formation of the first uniform layer and its impact on the properties of later 
deposited film, still need further investigation. 
 
2.2.4 Molecular Beam Epitaxy (MBE) 
Molecular beam epitaxy (MBE) is a method to deposit ultra thin films. While the 
name MBE refers to the deposition of an epitaxial film, it can also be used to deposit 
other types of films. In ZrO2 MBE, a zirconium atom beam flows through an oxygen 
ambient towards a silicon substrate86,87. Wang reported that yttrium stabilized ZrO2 on 
silicon without an interfacial layer can be formed at 730 °C and 10-5 mbar ambient 
oxygen, even with a native silicon oxide starting surface86. This was explained by the 
reaction between Zr atoms and silicon dioxide,  
Zr(gas) + 2 SiO2 → ZrO2 + 2SiO↑     (2.5) 
Zr(gas) + SiO2 → ZrO2 + Si      (2.6) 
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A low Dit of 2×1011/cm2eV and a low leakage current of 1.1×10-3 A/cm2 at 1.0 V bias 
were reported for devices made from the resulting film. However, at higher ambient 
oxygen pressures, > 1.5×10-5 Torr, silicon substrate oxidation occurs at a temperature as 
low as 300 °C, resulting the formation of an interfacial silicon dioxide87. By controlling 
the oxygen partial pressure during heat treatment, a ZrO2 layer without interfacial layer 
can be produced by MBE87. In a separate report, ZrO2 with a band gap of 5.5 eV, a 
valence band offset of 3.35 eV, and a midgap state density, Dit, in the range of 1010-
1012/cm2eV have been produced by MBE88. Details on the nucleation of ZrO2 on H-Si 
surface during MBE were not reported, while the ZrO2 layer on HO-Si surface has been 
shown to be atomically flat86. This is similar to the case of ZrO2 ALCVD on HO-Si.  
 In an MBE process operated at ~ 10-7 Torr, ZTB was used as the zirconium 
source89.  Both the oxidation and the decomposition of ZTB itself occurred on H-Si 
surface, resulting a 14 Å thick interfacial layer. Additionally, a nucleation behavior 
similar to the nucleation of ZrO2 on H-Si during ALCVD was reported. Devices made 
from the resulting film had high leakage current densities, 10-2-10-3 A/cm2 at ±1.5 eV 
bias89. 
In the above MBE process, oxygen is required to oxidize zirconium atoms or ZTB 
molecules. However, excessive oxygen will directly lead to the formation of interfacial 
layers due to substrate oxidation. The partial pressure and the substrate temperature must 
be carefully controlled. Low deposition rates, a few Å/min, and expensive, complicated 
MBE reactors make MBE an unfavorable process for high volume manufacturing. More 
importantly, these results have shown that a ZrO2 film without an interfacial layer can be 
formed at appropriate conditions, and desirable electrical properties can be obtained. 
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2.2.5 Metal Organic Chemical Vapor Deposition (MOCVD) 
MOCVD is a common method to deposit thick ZrO2 films. Two major types of 
metal organic precursors have been used in these processes: zirconium alkoxides23,90-93 
and zirconium β-diketonates94-96. In recent reports, hybrids of these two types of 
precursors97,98,99 have been used to deposit ZrO2. The major advantage of zirconium β-
diketonates is their stability against hydrolysis, but residual carbon contamination is a 
major problem100. Oxygen is often required to deposit high purity ZrO2 films from 
zirconium β-diketonates. As in ALCVD and MBE, ambient oxygen environments in 
MOCVD causes silicon substrate oxidation and form an interfacial layer62,97.  
Research on the decomposition of zirconium alkoxides suggests that the use of 
oxygen can be minimized if appropriate zirconium alkoxides are used as the 
precursor23,93,101. In 1959 Bradley reported the importance of surface hydroxyl groups in 
the thermal deposition of ZTB101. At elevated temperatures, the decomposition of ZTB is 
initiated by a self-catalyzed reaction due to trace impurity hydroxyl groups present in 
ZTB or on the internal surface of distillation apparatus. Then, the chemically adsorbed t-
butoxy intermediate undergoes β-H-elimination to deposit ZrO2 and regenerate the 
hydroxyl groups: 
X-OH* Zr O C CH3
CH3
CH3
3OX
* (CH3)3COH
ZTB
+
   (2.7) 
Zr O C CH3
CH3
CH3
3OX
*
Zr(OH)* CH2=C(CH3)2
β−H−elimination
+
   (2.8) 
Zr(OH)* Zr O C CH3
CH3
CH3
3OZr
* (CH3)3COH
ZTB
+
   (2.9) 
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Zr O C CH3
CH3
CH3
3OZr
*
Zr(OH)* CH2=C(CH3)2
β−H−elimination
+
  (2.10) 
This reaction mechanism was later confirmed by Cameron in 199923. In 2002, Burleson 
took the physical adsorption equilibrium of ZTB molecules on ZrO2 surface into 
consideration, and extracted the kinetic parameters of deposition reactions93. The 
stoichiometry of the deposition reaction can be expressed as  
ZTB ZrO2 (CH3)3COH CH2=C(CH3)2+ +2 2    (2.11) 
Therefore, a mass balance on oxygen can be maintained during deposition without using 
additional oxygen gas or water. Additionally, the dehydration reaction of alcohols at 
elevated temperatures is well known,  
(CH3)3COH CH2=C(CH3)2 OH2+    (2.12) 
At high temperatures, water generated from the dehydration reaction could be a potential 
problem for substrate oxidation. 
The topology of ZrO2 deposited by MOCVD on different surfaces has not been 
well studied. MOCVD of ZrO2 from zirconium isopropoxide on Pt surfaces has been 
divided into three stages: nucleation, coalescence, and bulk layer growth90. Surprisingly, 
nucleating layers thinner than 80 Å are composed of segregated islands, which cause high 
surface roughness in the bulk layer growth stage90. When (C3H7O)2(C11H19O2)2Zr and 
oxygen were used to deposit ZrO2 on H-Si surfaces, nucleation inhibition similar to that 
in ALCVD on H-Si occurs. This results in a rough surface and segregated islands97. In a 
separate report, when Zr(Oi-Pr)2(thd)2 and oxygen were used to deposit ZrO2 on silicon 
oxide surfaces, a lower surface roughness was obtained62. The chemical composition of 
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the interfacial layer was not related to the starting surface. Interfacial silicate layers were 
reported for deposition on both H-Si and silicon oxide surfaces62,97.  
ZrO2 deposited by MOCVD have good electrical properties. ZrO2 films in most of 
reports were hundreds to thousands of Å thick. Devices made from ZrO2 films in this 
thickness range showed very low flat-band voltage shift of 0.1 V95. This is a much better 
result than ALCVD results because flat-band voltage shift often increases with increasing 
film thickness due to fixed charge accumulation in films. A low midgap interfacial state 
density, Dit, of 5×1011/cm2eV for ZrO2 after forming gas annealing was reported102.  
Post deposition annealing of MOCVD ZrO2 films produced contradictory results. 
An interfacial layer thickness increase has been shown after high temperature (850 °C) 
annealing in oxygen62,97. For films deposited on H-Si, the ZrO2 diffuses into the 
interfacial layer to form zirconium silicate, reducing the ZrO2 layer thickness62,97. For 
films deposited on silicon dioxide, this ZrO2 thickness reduction is not observed62. 
Similar to the results obtained by other deposition method, high temperature annealing in 
ultra high vacuum will also result in interfacial layer decomposition, and the formation of 
interfacial silicide103.  
Several precursor systems and various operation conditions have been used in 
ZrO2 MOCVD. A comparison of the advantages and disadvantages of different MOCVD 
processes is very difficult. The results that we have discussed show that, for MOCVD, 
different starting surfaces may also affect the nucleation of ZrO2 films, the topology of 
films, as well as the stability of interfacial layers. At MOCVD conditions, precursors are 
very likely to react either with the silicon substrate or with silicon dioxide to form an 
interfacial silicate layer. However, no work so far has proven this. The decomposition of 
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zirconium alkoxide shows possibilities of depositing ZrO2 films without using oxygen or 
water. However, in most reports depositions without oxygen participation showed high 
carbon contamination. Details on predeposition surface preparation, ZrO2 nucleation on 
different surfaces and at different deposition conditions need further investigation.  
In this section, we have reviewed the up to date progress in the area of ZrO2 
deposition for high-k applications over the last few years. Almost all the deposited ZrO2 
films were polycrystalline. The polycrystalline structure appears not to be a strong factor 
in determining the films’ electrical properties. Instead, the nucleation process has been 
shown to be critically important. The ALCVD process provides the best results so far in 
terms of film thickness control, film quality, and process operability. However, ALCVD 
is limited by the use of water vapor as a precursor, resulting potential substrate oxidation, 
and devices with high flat-band voltage shift.  MBE and MOCVD have been shown to 
deposit ZrO2 with desirable film properties, but the initial-stage deposition and the 
nucleation of ZrO2 have not been studied. Results obtained from MBE and MOCVD have 
only been interpreted on a case-by-case basis. An overall picture of these processes is not 
clear. Additionally, the participation of oxygen is not essential in MOCVD process when 
the proper precursor is used. The deposition conditions must be carefully optimized. 
Details on the effects of deposition parameters on film properties need careful 
investigation.   
In this work, we investigate the initial-stage deposition of ZrO2 on different 
surfaces during high vacuum MOCVD and develop a general description of the initial 
stages of deposition. Since the properties of ultra thin ZrO2 were not known when I 
started this work, my research began with ellipsometry characterization methodology 
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development for ZrO2 films. Details of my research work will be discussed in the 
following chapters. 
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CHAPTER III 
 
SPECTROSCOPIC ELLIPSOMETRY CHARACTERIZATION OF ZIRCONIA 
FILMS ON SI(100) DEPOSITED BY HV-MOCVD 
 
3.1 Background 
An interfacial layer composed of either silicon oxide104 or silicates25,60-63,105often 
exists between the high-k material and the silicon substrate. Interfacial layers have 
multiple effects on the performance of MOSFET devices. The dielectric constants of 
silicon oxide and silicates are lower than those of high-k dielectric materials22. As a 
result, the interfacial layer degrades the effective dielectric constant of the overall 
dielectric stack structure. Additionally, the quality of the interface will influence the 
mobility of carriers in the channel region5. For industrial applications, the thicknesses and 
properties of both high-k and interfacial layers need to be quickly evaluated using non-
destructive characterization methods106.  
Spectroscopic ellipsometry (SE) is a fast, sensitive, and nondestructive method for 
thin film characterization107. It requires no special environments, does not directly contact 
samples, and can easily be integrated into semiconductor processing. When appropriate 
modeling methods have been developed, the thickness and the properties of thin films, 
such as composition, structure, and surface-roughness, can be simultaneously extracted 
from SE data. These advantages make SE a good technique for controlling integrated 
circuit production. However, little has been reported about the optical properties of very 
thin high-k dielectric films, or about the optical properties of the interfacial layers. The 
goal of this chapter is to investigate appropriate SE data-analysis methods to characterize 
high-k dielectric films on silicon, by using ZrO2 on Si as a model system. 
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The ZrO2/Si material system has complex interfacial properties. Thermodynamic 
calculations suggest that the interface between ZrO2 and Si is stable39. However, 
interfacial layers between ZrO2 and silicon substrates have been reported by multiple 
researchers25,60-63,104,105. The chemical composition of such layers is highly affected by 
deposition methods and conditions. In reactive sputtering or plasma-assisted chemical 
vapor deposition, excited energetic oxygen species help form an amorphous interfacial 
SiO2 layer 104. The interfacial layer can also be a silicate under certain reactive sputtering 
conditions104,105. The interfacial layers resulting from chemical vapor deposition 
processes, including ALCVD25,60, RTCVD61, MOCVD62, are often amorphous silicate 
layers. The presence of these silicate layers has been confirmed by transmission electron 
microscopy (TEM)25,60,62,105, and X-ray photoelectron spectroscopy (XPS)25,60-62,104, a 
dielectric constant of 6 to 725,105, and a lower etching rate in HF than SiO261.  
Previous ellipsometric analyses used a two-layer model to simulate the ZrO2 layer 
and the interfacial layer63,106. By assuming the interfacial layer to be silicon dioxide, 
Chism and Diebold extracted the Tauc-Lorentz model (TL) parameters to describe the 
optical constants of ZrO2 deposited by ALCVD63,106. Other research groups used an 
effective medium approximation (EMA) layer composed of silicon dioxide and ZrO2 to 
simulate the interfacial layer108. Although the parameters can be decorrelated during data 
processing, the optical constants of the interfacial layer were arbitrarily set to those of 
silicon dioxide, or to those of a mixture of SiO2 and ZrO2.  The absorptive band tail from 
the interfacial layer was not separated from that of the ZrO2 layer. The effective ZrO2 
layer in these previous works actually represented a combined contribution from both the 
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interfacial and ZrO2 layers. It is therefore not accurate to use such models to characterize 
both the thickness and properties of the ZrO2 and interfacial layers.  
In this chapter, we use multiple-sample variable-angle spectroscopic ellipsometry 
(MS-VASE) to extract the optical constants of ZrO2. Based on the data, we discuss issues 
related to characterization of the interfacial layer, and compare the results with TEM and 
AFM analyses. 
 
3.2 Experimental Details 
3.2.1 High Vacuum Chemical Vapor Deposition System 
MOCVD of ZrO2 films from ZTB was preformed in a single wafer ultra high 
vacuum (UHV) compatible chemical vapor deposition (CVD) system shown in Figure 4. 
The CVD system was evacuated by a turbo-molecular pump to a typical base pressure of 
5×10-9 Torr. Three-inch silicon wafers were introduced through a load lock onto a 
susceptor hanging from the top of the chamber. The wafer was held polished side down 
and was heated from the backside. Stage temperatures were measured by a C-type 
thermal couple embedded into the sample heater, and controlled by an Eurotherm 2408 
temperature controller with ± 0.1 °C accuracy. The wafer temperature was assumed to be 
the same as heater temperature. The wall of the deposition chamber was heated by a 
resistively heated rod to 150 °C and was controlled by an Omega CN 77000 controller.  
An in-situ J.A. Woollam model M-2000D spectroscopic ellipsometer was 
installed on the deposition chamber. Two fused silica windows were used in the optical 
path to separate the vacuum from the ambient environment. A QTH lamp and a D2 lamp 
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were used simultaneously to generate a beam with a photon energy range of 1.2 - 6.5 eV. 
The light beam struck the center of the wafer at a 71° incidence.  
 
3.2.2 Sample Preparation 
We used ZTB as the precursor to deposit ZrO2 films. The partial pressure of ZTB 
in deposition chamber is in the range of 10-5-10-3 Torr, which is controlled by the 
temperature of the ZTB container. No carrier gas or other diluent gases were used in the 
deposition process.  
 
 
Figure 4: A schematic of high vacuum chemical vapor deposition system 
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Three inch Si(100) wafers with resistivities between 1 and 10 Ω⋅cm were used as 
substrates. Before deposition, the native silicon oxide layer was etched off by using a 40 
sec 1:50 HF-DI water dip, followed by a 150 sec DI-water rinse, and nitrogen drying. The 
silicon surface was changed into hydrogen atoms covered surface (H-Si) after the 
cleaning process109. The H-Si substrate was promptly transferred into the CVD system 
after cleaning. In the deposition chamber, the substrate was first heated to the desired 
temperature in the range of 300 to 475 ºC. Once the temperature stabilized for 
approximately 5 minutes, the pneumatic valve in the transfer line was opened. The 
reaction precursor vapor, ZTB, was introduced through the bottom of the deposition 
chamber. ZTB molecules transfer on to the silicon surface and decompose into ZrO2. The 
growth of ZrO2 was monitored in real time by in-situ SE. We used a Cauchy model to 
extract the nominal film thicknesses during deposition. We stopped depositions when the 
thickness of ZrO2 films reached 200 Å or the deposition time was longer than 20 min. 
The thicknesses of deposited films were in the range of 170 - 300 Å. After deposition, the 
silicon wafer was cooled down in 10-6 torr vacuum to room temperature before it was 
transferred out of the CVD system.  
 
3.2.3 Ex-situ Spectroscopic Ellipsometry (SE)  
Ex-situ SE data from as-deposited samples were collected on a J.A. Woollam M-
2000D multi-angle spectroscopic ellipsometer at 60, 65, 70, 75, and 80º incident angles. 
Scans were collected for 60 seconds at each incident angle to minimize random noise in 
collected data. Ψ and ∆ values within the full photon energy range of our ellipsometer, 
which is 1.2 to 6.5 eV, were used for data fitting.  
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Data processing was conducted using WVASE 32, a software application 
developed by J.A. Woollam Company. Data from six samples were used to extract the 
optical constants. The six samples were selected from 40 samples deposited at various 
substrate temperatures and total pressures. The Cauchy model was used to extract the 
refractive indexes of the samples at 633 nm (1.96 eV). Figure 5 shows the averages and 
standard deviations of the nominal refractive indexes of films deposited using different 
conditions. Multiple effects, such as low film density110,111 and high impurity contents70, 
can cause low refractive indexes at low deposition temperatures. Therefore, six samples, 
deposited between 425 and 475 °C, were analyzed to extract the optical constants. 
Among the six ZrO2 samples, four were deposited at 425 °C, and the other two samples 
were deposited at 450 and 475 °C.  
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Figure 5: Average refractive indexes and standard deviations of ZrO2 samples deposited 
at different temperatures. The refractive indexes were extracted by the Cauchy model at 
1.96 eV. 
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3.2.4 Film Topology 
Topographic images were obtained from samples using a Digital Instruments’ 
Nanoscope IIIa atomic force microscope (AFM) with etched silicon probes. Images of 
2.5×2.5 µm areas with 512-line resolution were used to evaluate the surface-roughness of 
these samples.  Before calculating surface-roughness data, a two-step image processing 
procedure was applied, consisting of a plane fit and a first-order flattening.  
 
3.2.5 Transmission Electron Microscopy (TEM) 
Cross sectional TEM was used to evaluate the microstructure of the layers. TEM 
samples were prepared using a focused ion-beam (FIB) technique. Samples were 
prepared by mechanical polishing down to 10 µm thickness, followed by FIB thinning of 
the area-of-interest down to electron transparency. A Philips CM200 transmission 
electron microscope with a twin-lens configuration was used for analysis. The instrument 
was operated at 200 kV. High-resolution TEM images were obtained with sample 
interfaces parallel to the direction of the beam. 
 
3.3 AFM and TEM Results 
Figure 6 shows a representative top-view AFM image of the ZrO2 samples in this 
work. Grain sizes were similar among different samples. The measured surface-
roughness values are presented in Table 2. Note that the RMS value from AFM and the 
surface-roughness layer thickness in ellipsometric models have different definitions 
(Figure 7). In AFM data processing, a zero plane, which is located between the peaks and 
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valleys, is first fit. The height difference from this zero plain is defined as Z. The RMS is 
calculated from  
  
RMS =
Z1
2 + Z22 + Z32 +L+ ZN 2( )
N
     (3.1) 
However, in ellipsometry, the surface-roughness layer is defined as a layer that consists 
of 50% material and 50% void space. Hence, RMS is approximately half of the surface-
roughness layer thickness in ellipsometry. Values of two times RMS were used as the 
reference values to compare with the surface-roughness layer thickness values extracted 
from ellipsometric data.  
Figure 8 shows representative cross-section TEM images from the samples. 
Lattice fringe edges and contrast differences were used to define the top and bottom 
surfaces of the interfacial layers. The distance between these two surfaces was defined as 
the thickness of the interfacial layer. The distance between the top of the interfacial layer 
and the bottom of the valleys on the ZrO2 top surface was defined as the thickness of the 
ZrO2 layer. The measured thickness values are listed in Table 2. TEM was not used for 
surface-roughness measurements because of the low contrast top surface and the narrow 
field-of-view of TEM images.  
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Figure 6: A 2.5 µm × 2.5 µm top view AFM image of Sample S07-07. The height scale 
was 10 nm.  
 
 
 
Figure 7: The definitions of RMS (a) and the surface roughness layer thickness (b)  
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Figure 8: Cross sectional TEM images of Sample S07-08 at different magnifications. 
 
Table 2: Combined thickness results from AFM and TEM  
AFM TEM 
Samples 
RMS (Å) SR (Å) ZrO2 (Å) 
Interfacial 
Layer (Å) 
S07-07 22.3 44.5 203 23 
S07-08 17.2 34.3 200 21 
S07-09 13.2 26.5 190 19 
S07-16 21.1 42.1 208 * 
S07-24 16.5 32.9 165 22 
S08-07 19.5 39.0 174 * 
 
* TEM results from these samples were inconclusive 
 
 
3.4 Ellipsometry Data Analysis Results 
When one extracts optical constants of very thin layers, correlation problems 
among fitting parameters often prevent extraction of a unique set of solutions for the 
parameters. MS-VASE methodology was used to minimize these possible correlation 
problems112,113. In using MS-VASE data analysis, experimental data from multiple 
samples were simultaneously loaded into the WVASE software. A single set of 
dispersion model parameters was used for each layer, to fit experimental data from all of 
the samples. This resulted in a single set of optical constants extracted for all of the 
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samples. The shapes of spectra generated by models were in good agreement with 
experimental data. We therefore used the mean squared error (MSE) value, based on 
Levenberg-Marquardt algorithm, as a measure of the quality-of-fit113. The best-fit results 
minimized MSE. 
Ellipsometric characterization requires both an appropriate model for the layer 
stack structure, as well as appropriate optical constants or dispersion models for each 
layer. TEM and AFM results (Table 2) showed that thicknesses of the surface-roughness 
layers could be 10 - 20% of the total film thickness. Therefore, the contribution from 
surface-roughness cannot be neglected. At the same time, TEM images showed that 
interfacial layers were present between ZrO2 and silicon substrate. Based on these results, 
we built a three-layer model to simulate the ZrO2 films (Figure 9). A Bruggeman EMA 
layer110, defined as 50 % void space and 50 % ZrO2, was used to simulate the top surface-
roughness layer. The optical constants of the ZrO2 component in the EMA layer were 
coupled to those of the bulk ZrO2 layer.  
 
 
Figure 9: Models for MS-VASE data analysis.  An EMA layer consisting of ZrO2 and 
void space was used to adjust the density difference for samples of lower densities. 
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In contrast to SiO2, whose band gap (8.0 eV) is beyond the photon energy range 
of common spectroscopic ellipsometer (<6.0 eV), ZrO2 has a band gap of 5.0 - 5.6 
eV58,114. This means ZrO2 is not fully transparent in the photon energy range of the 
ellipsometer used. Dispersion models for SiO2 layers, such as the Cauchy model, and the 
Sellmeier model cannot adequately describe ZrO2 films in the photon energy range of this 
work. A dispersion model capable of describing the interband absorption of thin films is 
essential for data analysis. We adopted the widely accepted TL model106,115-118 to 
represent the dielectric function (ε = ε1 + iε2) of ZrO2 films in the expression 
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ε1(E) = ε∞ + 2π P
ξε2(ξ)
ξ 2 − E 2 dξEg
∞∫     (3.3) 
where, Eg is the band gap, E0 is the peak transition energy, A is the amplitude, C is a  
broadening term, and ε∞ is an offset. The TL model is applicable at photon energies 
slightly higher than the band gap of thin films. However, Jellison reported that the error 
in the peak transition energy, E0, can be higher if E0 is not within the available photon 
energy range115. Therefore, spectra in a broader photon energy range will help extract 
accurate values. Additionally, samples deposited at different conditions can have 
different optical constants due to density differences119. In order to account for this effect, 
we used a TL layer to model the highest density ZrO2 film, in MS-VASE, and used the 
EMA model composed of high-density ZrO2 and void space to model ZrO2 films of lower 
densities. We used TL(ZrO2) and EMA(ZrO2) to represent the high-density ZrO2 layer 
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and low-density ZrO2 layers, respectively. During MS-VASE data analysis, the optical 
constants of ZrO2 in the EMA(ZrO2) model were coupled to the TL(ZrO2) layer, and 
void-space percentages were used as fitting parameters.  
Accurate optical constants for the silicon substrate are also necessary for proper 
analyses. Therefore, we carefully examined the optical constants of silicon surfaces in 
comparison with published data. We collected ellipsometry data in the photon-energy 
range of 1.2 to 6.5 eV from four bare silicon samples after a pre-deposition cleaning 
procedure. We used the parametric semiconductor model to fit experimental data using 
the MS-VASE methodology112. Our experimental data agrees well with published data112, 
with the exception of a 6 - 7 Å surface-roughness layer present on our samples. This 
value is within the error of general cleaning experiments. In the process of comparing 
models and results, we used published data that was stated in a broad photon energy 
range from 0.2 to 6.6 eV112. 
Previously, researchers used an EMA layer or the optical constants of SiO2 to 
simulate the interfacial layer108. However, no work concerning the modeling of the 
interfacial layer between high-k dielectric layers and silicon substrate appears to have 
been reported. How to properly model the optical constants of the interfacial layer is the 
major goal of this chapter.  
 
3.4.1 Data of Silicon Oxide to Simulate the Interfacial Layers 
Due to the complexity of the interfacial layer properties, researchers often assume 
an interfacial SiO2 layer or an EMA layer to represent the interfacial layer63,106,108. Based 
on this assumption, thickness values or optical constants of ZrO2 layer were extracted. 
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We started data processing by using published optical constants of silicon oxides at 
different oxidation states. These silicon oxides include thermal silicon dioxide (SiO2)120, 
silicon suboxide (SiOx)120, native silicon oxide (NO-1)112, and an interfacial layer 
between SiO2 and Si (NO-2)112.  
We used void-space percentages in the EMA(ZrO2) layer to account for film 
density differences among different ZrO2 layers. Some of the resulting void-space 
percentage values turned out to be negative depending on which sample was defined as 
the highest density sample. We were unable to determine a unique highest-density sample 
in the sample set by fitting the void-space percentage in the EMA(ZrO2) layer. Since the 
deposition conditions of these samples were similar, we assumed that all the ZrO2 layers 
had the same density, and set the void-space fraction for low-density ZrO2 layers to be 
zero. When SiOx, SiO2, NO-1 and NO-2 were used to represent the interfacial layer, the 
MSE values of the best fits were 21.92, 19.62, 18.76, and 18.80 respectively. The 
extracted band gap of ZrO2 was 5.31 - 5.34 eV, and the extracted peak-transition energy 
was 5.70 to 5.82 eV. The optical constants of the ZrO2 layer are plotted in Figure 10, and 
thickness values extracted from these models are plotted in Figure 11. 
 
3.4.2 The EMA Model to Simulate the Interfacial Layers 
The EMA model is often used to simulate a small amount of interfacial 
intermixing between different phases or layers110. By adjusting the fractions of each 
component, the EMA model can generate the optical constants of the intermixing layer 
by weighting the ratio of its components. Since the interfacial layer can be assumed to be 
an intermixing layer between Si and ZrO2, SiOx and ZrO2, or SiO2 and ZrO2, we used all 
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three of these binary combinations in data processing, and set the thickness values, the 
ratios between the EMA layer components, and the parameters in the TL model as fitting 
parameters. EMA(Si-ZrO2), EMA(SiOx-ZrO2), and EMA(SiO2-ZrO2) were used to 
represent the interfacial layers of different combinations. The best-fit MSE results were 
18.82, 18.60, and 18.36 respectively when EMA(Si-ZrO2), EMA(SiOx-ZrO2), and 
EMA(SiO2-ZrO2) were used to represent the interfacial layer. Extracted compositions of 
the interfacial layer were Si:ZrO2 = 3.7:96.3, SiOx:ZrO2 = 17.5:82.5, and SiO2:ZrO2 = 
36.0:64.0. Figure 12 shows the optical constants of these binary compositions, and Figure 
13 shows the extracted optical constants of the ZrO2 layer. The thicknesses of each layer 
of these samples are plotted in Figure 14.  
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Figure 10: The extracted optical constants of the ZrO2 layer when silicon oxides were 
used to simulate the interfacial layer. 
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Figure 11: SE thickness results compared with (a) AFM-TEM results, when (b) SiOx, (c) 
SiO2, (d) NO-1, and (e) NO-2 were used to simulate the interfacial layer. 
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Figure 12: The optical constants of the interfacial layer extracted from different EMA 
models. 
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Figure 13: The extracted optical constants of ZrO2 layer when different EMA layers were 
used to simulate the interfacial layer. 
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Figure 14: SE thickness results compared with (a) AFM-TEM results, when (b) EMA(Si-
ZrO2), (c) EMA(SiOx-ZrO2), and (d) EMA(SiO2-ZrO2) were used to simulate the 
interfacial layer. 
 
3.4.3 Dispersion Models to Simulate the Interfacial Layers 
When optical constants of specific materials are used for ellipsometry data 
analysis, one has to realize that the optical constants of the sample under investigation 
may not be the same as published data. Sample preparation methods and preparation 
conditions can influence the optical properties of films. Dispersion models are often used 
in SE data analysis to account for this variation by adjusting dispersion model 
parameters. By choosing an appropriate dispersion model, and fitting the parameters in 
the model, including thicknesses of the layers and dispersion model parameters, the 
thicknesses and optical constants of the layers can be determined simultaneously. 
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In order to choose an appropriate dispersion model, it is necessary to know the 
characteristics of the interfacial layer. Since the band gaps of silicon and bulk ZrO2 are 
1.1 and 5.6 eV respectively, both the silicon substrate and the ZrO2 are absorptive in the 
photon energy range of this study (1.2 to 6.5 eV). It is likely that the interfacial layer has 
absorptions within this photon energy range as well. Therefore, we used both the Lorentz 
and the TL models to simulate the interfacial layer. These were symbolized by L(IL) and 
TL(IL). The TL model assumes that the interband transition is the only available 
transition in the photon energy range, whereas the Lorentz model assumes that multiple 
transitions can be observed in the photon energy range under investigation. We used the 
Lorentz model with the expression, 
∑ −−+ε=ε+ε=ε ∞ k k22k,0
k
21 EiCEE
A
i    (3.4)  
where for the kth oscillator, Ak is the amplitude, E0,k is the center energy, Ck is the 
broadening of each oscillator, and ε∞ is an offset. Note that each Lorentz oscillator has 
three parameters. Due to the ultra-thin nature of interfacial layers, strong correlation 
among model parameters can occur if too many oscillators are used in data processing. 
Therefore, we used a Lorentz model composed of up to two Lorentz oscillators to extract 
the optical constants of the interfacial layer. Even with this very limited number of 
Lorentz oscillators, the Lorentz model is no longer sensitive to the band gap of the 
materials, so we set the band gap value to be zero. All thickness values, and dispersion 
model parameters were used as fitting parameters.  
We obtained 50% lower MSE values by using dispersion models to simulate the 
interfacial layer compared with using tabulated optical constants or the EMA models. In 
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order to improve the fit quality, void-space percentages in the EMA(ZrO2) layer were 
also set as fitting parameters to account for small density differences among the samples.  
When two Lorentz oscillators were used in data processing, we experienced strong 
correlation problems. Only the parameters for one oscillator, centered at 6.1 eV, could be 
decorrelated. The parameters of the other oscillator could not be uniquely determined, so 
we only show one possible set of values for the dual Lorentz oscillator model (LL(IL)). 
The extracted dispersion model parameters are listed in Table 3. Optical constants of the 
ZrO2 and interfacial layers are plotted in Figure 15 and Figure 16. Thicknesses for all the 
layers, extracted from different models, are plotted in Figure 17.  
Additionally, the Sellmeier model has been used to simulate the interfacial layer 
between thermal SiO2 and silicon substrate112. However, the quality of data fit obtained 
by using the Sellmeier model was much lower than other models in this work. We show 
extracted thickness values in Figure 17, and skip other results extracted from this model.  
 
3.5 Discussion 
The presence of an interfacial layer between ZrO2 and Si has been reported by 
multiple researchers6-12. Although this interfacial layer was often identified as silicon 
oxide, the real chemical composition varies from SiO2 to zirconium silicate, depending 
on deposition method and conditions. When excessive oxidation of the silicon substrate 
occurs either during deposition or during post-deposition annealing, a distinct interfacial 
SiO2 layer can form. When the deposition process is carefully controlled, the interfacial 
layer is an alloy between ZrO2 and silicon oxide, or zirconium silicate. Due to bonding 
and  lattice  mismatch  between  ZrO2  and  silicon,  these  layers  have  a  high  density of  
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Figure 15: The optical constants of ZrO2 when dispersion models were used to simulate 
the interfacial layer.  
 
 
Table 3:  Extracted optical constant parameters for the interfacial layer and the ZrO2 layer 
by using dispersion model to simulate the interfacial layer. 
 
Interfacial layer 
model TL Single Lorenz Dual Lorentz 
ε∞ 4.656 4.217 4.071 
Eg 2.395 - - 
A 69.65 49.24 37.56 2.325 
E0 6.218 6.220 6.213 4.591 
Interfacial 
layer model 
parameters 
(eV) 
C 0.6248 0.5903 0.6433 0.5229 
ε∞ 1.375 1.424 1.307 
Eg 5.595 5.576 5.576 
A 592.8 581.3 644.0 
E0 6.502 6.491 6.346 
TL(ZrO2) 
layer 
parameters 
(eV) 
C 1.898 1.858 1.740 
MSE 11.63 11.52 10.66 
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Figure 16: The optical constants of the interfacial layer extracted from different 
dispersion models. 
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Figure 17: SE thickness results compared with (a) AFM-TEM results, when (b) TL, (c) 
single Lorentz oscillator, (d) dual Lorentz oscillator, and (e) the Sellmeier model were 
used to simulate the interfacial layer. 
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unsaturated dangling bonds41,42. The band gap of the interfacial layer is expected to be 
significantly lower than that of the ZrO2 layer due to states generated by the dangling 
bonds within the band gap. If the interfacial layer is neglected in data processing, or the 
optical constant of high quality dielectric material (k=0 throughout the spectrum), is used 
to represent the interfacial layer, the extracted TL model parameters for the ZrO2 layer 
represent a combined contribution from both the interfacial and the ZrO2 layers. The 
optical constants of the layers are not decorrelated, even though mathematically the 
correlation coefficient matrix indicates that they are decorrelated. In order to characterize 
both thickness and properties of the stacked structure, the optical constants of the 
interfacial layer must be separated from that of the ZrO2 layer.  
We started data processing by using a variety of silicon oxides with various 
oxidation states to represent the interfacial layer. SiO2 has the highest oxidation state in 
the group. The native silicon oxides are mixtures of SiO2 and suboxides. When different 
silicon oxides were used to simulate the interfacial layer, the MSE values were not 
significantly different. The TL model parameters were decorrelated. However, when SiO2 
and native silicon oxides were used to represent the interfacial layer, the extracted 
surface-roughness layer thicknesses were three to five times higher than TEM and AFM 
results (Figure 11). Furthermore, the refractive indexes of the ZrO2 layer were all higher 
than that of bulk ZrO258 (Figure 10). Therefore, using either SiO2 or native-silicon oxide 
optical constants, to represent the interfacial layer between ZrO2 and silicon substrate, 
results in inaccurate and nonphysical characterization of the samples. 
The interfacial layer between silicon and ZrO2 can be interpreted in terms of 
intermixing between SiO2 and ZrO2, SiO and ZrO2, or Si and ZrO2. Hence, we used the 
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EMA model with all three of these binary material combinations to simulate the 
interfacial layer. Similar MSE values resulted, indicating that the goodness of these fits 
was similar. However, thickness values from the different models were significantly 
different from one another (Figure 14). When EMA(SiO2-ZrO2) was used, the resulting 
surface-roughness values accounted for more than 50% of the total film thickness, while 
the thickness values of the ZrO2 layer were only 30-40% of those determined by TEM. 
The resulting refractive index of the ZrO2 layer was 1.5 times higher than the published 
values for bulk ZrO2. This suggests that the EMA(SiO2-ZrO2) model is not sufficient to 
represent the interfacial layer (Figure 13). When the EMA(SiOx-ZrO2) model was used, 
the data fit stopped with singular value problems, so the Eg value and the En value were 
the same. Nevertheless, the results from the EMA(SiOx-ZrO2) model were closer to 
AFM/TEM results, and published data (Figure 13 and Figure 14). The EMA(Si-ZrO2) 
model provides the best results in this group. When the EMA(Si-ZrO2) model was used, 
the thickness values were comparable to TEM and AFM results (Figure 13 and Figure 
14), though the interfacial layer thickness values were 1.5-3 times higher than TEM 
results.  
Due to extinction coefficient differences among Si, SiO and SiO2, the extinction 
coefficient spectra, k, of the interfacial layer had different shapes (Figure 12). However, 
the overall shapes of the optical constant spectra were similar (Figure 12). The refractive 
index of the interfacial layer at 1.96 eV is higher than that of bulk ZrO2 by 0.2 – 0.5, and 
the band gap of the interfacial layer was lower than 1.4 eV, which is much lower than the 
band gap of 5.3 -5.4 eV for ZrO2 (Figure 13).  This agrees with the high-level unsaturated 
dangling bond characteristics of the interfacial layer. The refractive indexes of the ZrO2 
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layer extracted using Si-ZrO2 and SiOx-ZrO2 combinations, were lower than published 
data by 0.1 – 0.2. This could be caused either by film properties, such as lower densities 
or impurities in the film, or the models themselves.  
We used three dispersion models to represent the interfacial layer. Dispersion 
models are used to describe the optical constants of different materials. The Sellmeier 
model is a typical model for dielectric materials that do not have absorptions in the 
spectrum. The TL model describes samples having one interband transition in the 
spectrum; and the Lorentz model depicts materials having multiple absorptions in the 
spectrum.  
When the TL model or the Lorentz model was used to simulate the interfacial 
layer, the MSE values of these fits were 50% lower than those from other model-fits in 
this work. Thickness values extracted from these two models were almost identical to 
AFM and TEM results. The optical constants of ZrO2 extracted from these two models 
were almost identical (Table 3). Since the interfacial layer was carefully separated from 
the ZrO2 layer, interfacial effects were not incorporated into the ZrO2 layer, and the 
extracted band gap value is higher than that published by Diebold106. The band gap of the 
ZrO2 layer is 5.6 eV, which is identical to results obtained by other methods114, while the 
peak transition energy of ZrO2 is 6.5 eV, which is on the edge of the photon energy range 
of our ellipsometer. The corresponding refractive index of the ZrO2 layer at 1.96 eV is 
2.1258, which is identical to published data. Therefore, the TL parameters in Table 3 
accurately depict the optical constants of the ZrO2 layer. Figure 16 shows the slight 
differences among the interfacial layer optical constants extracted from different 
dispersion models.  
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A single Lorentz model can seldom simulate the optical constants of real 
materials107.  When we used two or more Lorentz oscillators to simulate the interfacial 
layer, strong correlation problems occurred due to the ultra-thin nature of the interfacial 
layer. Therefore, no unique best-fit solution could be obtained. In addition, the Lorentz 
model is not sensitive to the band gap, so the determination of the band gap value was 
arbitrary. All these points could be potential problems if the Lorentz model was used to 
simulate the interfacial layer. However, possibly due to the ultra-thin nature of the 
interfacial layer, these complications did not significantly affect the results.  
Compared with the single oscillator Lorentz model, the TL model has one more 
parameter, the band gap. Since the band gap value was uniquely extracted from 
experimental data, the TL model provides a better description of the optical constants of 
the interfacial layer. The refractive index of the interfacial layer extracted from our 
samples is 3.0 at 1.96 eV, which is much higher than SiO2 (1.5), SiOx (1.96), ZrO2 (2.1), 
and ZrSiO4 (1.92 - 1.97), and closer to silicon (3.47). 
 
3.6 Conclusion 
We have demonstrated that proper modeling of the optical properties of the 
interfacial layer is the key to accurate ellipsometric characterization of ZrO2 films. Based 
on a stacking model consisting of an EMA surface-roughness layer, a TL layer to 
represent the ZrO2 layer, and a second TL layer to represent the interfacial layer, we 
extract the thickness of each layer in the three-layer stack structure. The extracted 
thickness and effective surface-roughness values were in good agreement with AFM and 
TEM results. We separated the optical constants of ZrO2 from those of the interfacial 
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layer, and uniquely extracted TL parameters to depict the optical constants of ZrO2, 
which were consistent with published data. We also extracted the optical constants of the 
interfacial layer from ZrO2 samples deposited by HV-CVD under tight environment 
control. The optical constants of the interfacial layer suggest that the interfacial layer is a 
non-stoichiometric zirconium silicate.  
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CHAPTER IV 
 
IN-SITU ELLIPSOMETRY STUDY OF THE INITIAL STAGE DEPOSITION OF 
ZIRCONIA ON DIFFERENT SURFACES 
 
4.1 Background 
The semiconductor industry has made remarkable progress in continuously 
providing microelectronic products of increasing performances and functionality.  The 
progress was primarily based on continued scaling of MOSFET. However, new materials 
need to be used in order for this trend to continue. Replacing the SiO2 based gate 
dielectric with a high-k dielectric is one example of new material integration.  
The semiconductor industry faces many challenges in integrating high-k dielectric 
materials into devices. Materials selection challenges have been well-reported5,30-33. In 
recent years, increasing attention has been focused on a few materials systems, including 
ZrO2 (k ~ 25, polycrystalline)35, HfO2 (k ~ 25, polycrystalline)35, Al2O3 (k ~ 9, 
amorphous)35, ZrAlxOy (k = 12-20, amorphous)121, HfAlxOy (k = 12-15, amorphous)121, 
ZrSiO4 (k ~12.6)28, and HfSixOy (k ~ 11, amorphous)28.  
The deposition process for high-k materials presents a significant challenge. We 
have discussed these challenges in Section 2.2.2.  The successful deposition process must 
produce films of uniform composition, microstructure, thickness and interface properties. 
Multiple processes have been used to deposit high-k materials, such as MOCVD23,60,62,97, 
ALCVD66-69, sputtering122, reactive sputtering111,123,124, and plasma enhanced chemical 
vapor deposition125.  
Since MOCVD and ALCVD do not damage the silicon substrate surface, they are 
the most promising potential processes to deposit high-k films. However, both processes 
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begin with a transition period67,71,126, in which deposition rates change with time. Within 
this initial stage, the thickness of high-k films often reaches 40-50 Å. This means the 
process for depositing high-k films will have to be operated in an unsteady state, making 
the control of the deposition process difficult. In addition, researchers have discovered 
that the properties of ALCVD films within this thickness range, such as the structure and 
the chemistry, are strongly affected by the properties of starting surfaces66,67. The effects 
of starting surface properties during thermal chemical vapor deposition have not been 
reported. Details on the initial deposition of high-k dielectric materials are very important 
for successfully integrating high-k dielectric materials into MOSFET devices. 
In this chapter, we will use in-situ SE to study the initial stage deposition behavior 
of ZrO2 from ZTB on both H-terminate silicon (H-Si) surfaces and native silicon oxide 
surfaces during high vacuum metal organic vapor deposition (HV-MOCVD). By using 
HV-MOCVD, the deposition environment is tightly controlled. Since no oxidants, such 
as oxygen, or water vapor, are used, the oxidation of the silicon substrate is minimized. In 
contrast to ALCVD, HV-CVD is a continuous process, which enables us to study 
continuous film property evolution during the initial-stage deposition of ZrO2. The results 
show that ZrO2 films deposited on different starting surfaces have different structures. 
The starting surface influences the deposition process by altering the nucleation and 
coalescence process. Compared with films deposited on H-Si surfaces, films deposited on 
native silicon oxide are more uniform and have higher densities. A detailed 
comprehensive investigation of the properties of ZrO2 films deposited via HV-MOCVD 
will be addressed in Chapter V. 
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4.2 Experimental Details 
The reaction precursor, ZTB, was introduced through the bottom of the deposition 
chamber. No carrier gas or other diluent gases were used in the deposition process. 
MOCVD of ZrO2 films from ZTB was preformed in a single wafer ultra high vacuum 
compatible CVD system (Figure 4). The deposition system was detailed in Section 3.2.1. 
Three inch Si(100) wafers with resistivities between 1 and 10 Ω⋅cm were used as 
substrates. Two different types of surfaces from these silicon substrates, native silicon 
oxide or H-terminated Si(100) (H-Si), were used as the starting surface. Silicon wafers 
with native silicon oxide layers were used directly from the box without further cleaning. 
H-Si surfaces were prepared by a 40 sec 1:50 HF-DI water dip, followed by a 150 sec DI-
water rinse, and nitrogen drying. These H-Si substrates were promptly transferred into the 
CVD system after surface preparation.  
In the deposition chamber, the substrate was first heated to the desired 
temperature with no flowing precursor. Once the temperature stabilized for 
approximately 5 minutes, a valve was opened to allow ZTB introduction. We stopped 
depositions when the thickness of ZrO2 films reached 200 Å as determined by in-situ SE 
monitoring. 
The software EASE® (J.A. Woollam Company) was used for data collection and 
processing. Ellipsometric spectra were collected every two seconds during deposition. 
We used photon energies between 1.25 and 5.8 eV for data processing. The signal to 
noise level in photon energy range above 5.8 eV was not acceptable due to slight ZrO2 
coatings on the two windows.  
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X-ray diffraction (XRD) scans were obtained using a Scintag X1 θ/θ automated 
powder X-ray diffractometer. The diffractometer is equipped with a Cu target and a 
Peltier cooled solid-state detector. All ZrO2 samples were scanned in 2θ range 20 - 60° 
with a step size of 0.05° and a preset scan time of 9 seconds. The total scan time for each 
sample was 2 hours.  
Topographic images were obtained from samples using a Digital Instruments’ 
Nanoscope IIIa atomic force microscope (AFM) with etched silicon probes (SSS-NCH, 
from Nanosensors). Images of 2.0×2.0 µm areas with 512-line resolution were used to 
evaluate the surface-roughness of these samples.  Before calculating surface-roughness 
data, a two-step image processing procedure was applied, consisting of a plane fit and a 
first-order flattening.  
 
4.3 Results and Discussion 
SE is a sensitive nondestructive method to characterize thin films. Based on 
measurements of two parameters, ∆ and Ψ, and using appropriate models, several 
important parameters, such as film thickness, surface roughness, and optical properties of 
the thin film, can be quickly extracted107. One of the difficulties for in-situ ellipsometry 
data analysis is that the optical constants at deposition temperatures are typically not 
available. Therefore, optical constants at room temperature are often used90. This will 
induce error in data analysis. Recent progress in SE and modeling enabled us to extract 
the optical constants directly from in-situ SE data. We show the results from XRD and 
AFM before discussing the extraction of optical constants of ZrO2 at deposition 
temperatures.  
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4.3.1 XRD Results of 200 Å Samples 
 Figure 18 shows X-ray diffraction spectra from 200 Å thick ZrO2 films deposited 
on H-Si. ZrO2 films deposited on H-Si consist of the tetragonal phase only.  We assign 
the diffraction peak at 30° to the tetragonal (100) face. The diffraction peak at 34.5° 2θ is 
the overlapping diffraction pattern of tetragonal (002) and (110) faces, while the peak at 
50° 2θ is the joint contribution from tetragonal (112) and (200) faces. The intensity of 
these peaks decreases with increasing deposition temperatures. This suggests that films 
deposited at higher deposition temperatures have low crystallinity, and hence low long-
range orders. 
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Figure 18: X-ray diffraction spectra of 200 Å ZrO2 deposited on H-Si. 
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Figure 19 shows the X-ray diffraction spectra from 200 Å ZrO2 films deposited 
on native silicon oxide surfaces. Most of the diffraction patterns show peaks at 28 and 
30° 2θ. We assign the diffraction peak at 30° to the tetragonal (100) face, and the peak at 
28° 2θ to the monoclinic (100) face. Therefore, most of the ZrO2 films consist of both the 
tetragonal and monoclinic phases. However, a weak peak from the diffraction off the 
tetragonal (110) and (002) faces at 34.5° 2θ can only be observed when deposition 
temperatures are higher than 425 °C. Similar to samples deposited on H-Si surfaces, the 
intensity of the tetragonal (100) face decreases with increasing deposition temperatures in 
temperature range 325-450 °C. This suggests that the crystallinity of the tetragonal phase 
decreases with increasing temperatures. 
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Figure 19: X-ray diffraction pattern of 200 Å ZrO2 deposited on native silicon oxide 
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The intensity change of the monoclinic (100) peak is not monotonic. At 
deposition temperatures between 325 and 375 °C, the intensity of the monoclinic (100) 
peak increases with increasing depositions temperatures to a maximum intensity at 375 
°C. The monoclinic (100) peak intensity decreases at temperatures higher than 375 °C. 
The phase change of ZrO2 between monoclinic and tetragonal phases is beyond the scope 
of this study, and more information can be found in reference127.  
The sample deposited at 300 °C on native silicon oxide is a special case. We do 
not detect the monoclinic phase in films deposited at this temperature. Additionally, the 
intensity of the tetragonal (100) face is much lower than that from samples deposited on 
native silicon oxide at 325 °C. This suggests that ZrO2 has a different nucleation process 
on native silicon oxide at 300 °C.  
 
4.3.2 Film Topology 
Figure 20 shows representative topology of ZrO2 films at different thicknesses 
and temperatures. Figure 21 plots the surface roughness change with film thickness for 
samples deposited on different surfaces. On both surfaces, the film surface roughness 
increases with increasing film thickness. The surface roughness increase becomes smaller 
at higher deposition temperatures. This suggests lower deposition temperature facilitates 
surface roughness evolution. The properties of the starting surface influence the extent of 
surface roughness increase during initial-stage deposition. On native silicon oxide 
surfaces, when the film thickness increased from 30 to 60 Å the surface roughness 
increased by less than 1 Å. However, on H-Si surfaces, the surfaces roughness increased 
by more than 2 Å measured by AFM. 
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(a)     (b) 
Figure 20: 2µm × 2µm AFM images of (a) 30 Å and (b) 60 Å ZrO2 films deposited on H-
Si surfaces at 350 °C.  
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Figure 21: Surface roughness of ZrO2 films deposited on different surfaces and at 
different temperatures and thicknesses. 
 
XRD results suggest that deposition on native silicon oxide at 300 °C is different 
from depositions at higher temperatures, so we stopped deposition at different thicknesses 
and scanned the topology of these surfaces. Figure 22 shows the surface image of ZrO2 
deposited on native silicon oxide surfaces at 300 °C, and Figure 23 shows the surface 
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roughness increase during deposition. 3-D type nucleation started after the film is thicker 
than 15 Å, indicating a uniform ultra thin ZrO2 film is formed before a 3-D nucleation 
process starts. During the following deposition process, the surface roughness increased 
continuously in the thickness range studied.  
 
 
 
 
 
                      
(a)      (b) 
 
                        
(c)      (d) 
Figure 22:  2µm × 2µm AFM images of  (a) 15 Å, (b) 30 Å, (c) 50 Å, and (d) 100 Å ZrO2 
films deposited on native silicon oxide at 300 °C.  
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Figure 23: Surface roughness measured by AFM and void fractions measured by SE of 
ZrO2 films deposited on native silicon oxide surfaces at 300 °C and different thicknesses. 
 
4.3.3 Extraction of Refractive Indexes of ZrO2  
The XRD and AFM results showed topology, structure, and the crystallinity of 
deposited films. Both methods required significant time to collect experimental data, so 
neither of these two methods can be directly applied to real time process control. In-situ 
spectroscopic ellipsometry has been proven to be a powerful tool for real time process 
monitoring and control. However, SE models and data analysis need to be carefully 
developed.  
Data processing was first conducted on the EASE software in dynamic mode data 
analyses 128,129. Dynamic mode data analysis assumes: 1) available SE data were 
collected during steady state deposition, in which the deposition rate does not change 
with time; 2) the optical constants of the deposited film during steady state deposition do 
not change with increasing film thickness.  A schematic of the initial-stage deposition and 
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the steady state deposition is plotted in Figure 24. In dynamic mode data processing, SE 
models are fitted simultaneously to hundreds of spectra collected during deposition. 
Difficulties in decorrelating parameters due to limited available experimental data in ex-
situ SE analysis can often be successfully resolved, so the steady state deposition rates 
and the optical constants can be accurately extracted.  
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Figure 24: A schematics of deposition stages 
 
We first used a one layer ellipsometric model (Figure 25.a) consisting of one TL 
layer115 on the top of a virtual substrate to extract the optical constants of deposited ZrO2 
films. Ellipsometric data collected from the starting surfaces after the desired substrate 
temperature was reached but before precursor introduction were used to represent the 
virtual substrate. We use ZrO2,H-Si to denote ZrO2 films deposited on H-Si surfaces, and 
ZrO2,NO to denote the ZrO2 films deposited in native silicon oxide surfaces. Figure 26 
plots the pseudorefractive index spectra of 200 Å films deposited on the two starting 
surfaces at temperatures between 300 and 450 °C.  We can see that the refractive indexes 
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of ZrO2 deposited on different surfaces and at different temperatures fall into three 
groups. ZrO2 films deposited on native silicon oxide surfaces at 300 °C have 
exceptionally low refractive indexes, while ZrO2 films deposited on native silicon oxide 
surfaces at higher temperatures between 325 and 450 °C have the highest refractive 
indexes. ZrO2 films deposited on H-Si surfaces have refractive indexes between these 
two groups of refractive indexes. Except for the special case of ZrO2 deposited on native 
silicon oxide at 300 °C, deposition temperatures used in this study appears to have a 
limited effect on a film’s refractive index. Therefore, we ignore the temperature effect in 
the following data analysis.  
The structure of films can strongly affect the optical constants of these films. 
XRD results have shown that ZrO2 deposited on different surfaces have different 
structures. ZrO2 deposited on H-Si consists of only tetragonal phase, while at certain 
temperatures, ZrO2 deposited on native silicon oxides surfaces consists both tetragonal 
and monoclinic phase. However, the monoclinic phase in ZrO2 films deposited on native 
silicon oxide surfaces cannot be directly linked to their high refractive indexes. If the 
monoclinic phase was the cause of their higher refractive indexes, we should have 
observed large difference in refractive indexes between films deposited at 325 °C and 
375 °C. The film deposited at 325 °C on native silicon oxide surface predominantly 
consists of the tetragonal phase, while the film deposited at 375 °C on native silicon 
oxide surface consist of almost equivalent amount of the tetragonal and the monoclinic 
phases (Figure 19). Figure 26 shows that the refractive indexes of ZrO2 deposited on 
native silicon oxide surfaces at temperatures higher than 325 °C all fall in the same 
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Figure 25: SE models for data analysis 
 
 
1 2 3 4 5 6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
300-450 ºC 
325-450 ºC 
2.03
2.10
1.96 eV
300 ºC 
 ZrO2,NO
 ZrO2,H-Si
n
Photon Energy (eV)
 
Figure 26: The refractive indexes of ZrO2 films deposited on native silicon oxide and H-
Si surfaces at different temperatures extracted by the Tauc-Lorentz model 
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group. Therefore, the structural differences are not the major cause of such refractive 
index differences.  
The most salient feature in Figure 26 is that the refractive index spectra of 
different samples are roughly parallel to each other. In ellipsometric data analysis, this 
often suggests that the films are comprised of similar materials, but contain different void 
fractions110,119. The void can exist either in the bulk film as void points or atop the surface 
as part of the surface roughness layer. Additionally, we must realize that the assumptions 
for dynamic mode data analysis cannot be strictly satisfied for the initial deposition of 
ZrO2. The surface roughness evolution occurs during deposition, so the contribution from 
the void fraction in the surface roughness layer is not separated when we extracted these 
optical constants. As a result, the average refractive index of ZrO2 films deposited on 
native silicon oxide surfaces and H-Si surfaces are 2.10 and 2.03, respectively, at 1.96 
eV, the energy commonly referenced for refractive index measurements.  These values 
are slight lower than the published refractive index of bulk polycrystalline ZrO2 (2.2)58. 
This error must be calibrated before the extracted optical constants can be used for further 
data analysis. However, since the growth rate of the surface roughness layer is not 
constant, a two-layer model (Figure 25.b), in dynamic mode data analysis, was not 
successful.  
We used a two-step procedure to calibrate this error. First, we used a two-layer 
model (Figure 25.b), to separate the surface roughness layer and the ZrO2 layer in static 
mode data analysis. Unlike the dynamic mode data analysis, where SE models are fitted 
to all available spectra, in static mode SE models are fitted to each individual SE 
spectrum. We used the results obtained in Figure 26 as a guide to choose the sample 
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having the highest refractive index, and its optical constants to best represent the ZrO2 
layer. A Bruggeman EMA layer110, composed of 50% ZrO2 and 50% void space, was 
used to represent the surface roughness layer. Then, a two-layer model, Model B (Figure 
27.b) is fitted to each individual SE spectrum collected during deposition, and the 
thicknesses of both the surface roughness layer and the ZrO2 layer were extracted (Figure 
27).  
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Figure 27: Two-layer model static mode data analysis results 
 
Since the optical constants shown in Figure 26 are combinations of both the ZrO2 
layer and the surface roughness layer, negative surface roughness layer thickness values 
are extracted from spectra taken during parts of the deposition process. For further data 
analysis, we then chose the experimental data within a narrow time window where the 
ZrO2 film has the minimum surface roughness, as shown in Figure 27. In this time 
window, the deposition rate of the ZrO2 layer is constant, so the assumptions for dynamic 
mode data analysis are satisfied. Therefore, Model A (Figure 25.a) was used to fit 
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experimental data in this time window using dynamic mode data analysis, and the 
calibrated optical constants of ZrO2 were extracted (Figure 28).  
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Figure 28: Optical constant of ZrO2 
 
 
4.3.4 SE Modeling of the Initial-stage Deposition of ZrO2  
4.3.4.1 Two-layer SE Model (Model B) 
Models using arbitrarily defined nuclei shape and densities are often used to 
determine the nucleation density and grain size130,131. If we assume that the nuclei are 
hemispherical, a surface roughness layer consisting of 50% film materials and 50% void 
can be used to simulate the nucleation and the surface roughness evolution during 
deposition. We used Model B (Figure 25.b) and calibrated optical constants of ZrO2 to fit 
to SE spectra at each individual time to obtain the thickness-time profiles of both the 
surface roughness layer and the ZrO2 layer during deposition on native silicon oxide 
surfaces (Figure 29) and H-Si surfaces (Figure 30).  
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Figure 29: Thickness-time profiles of depositions on native silicon oxide surfaces at 
different temperatures 
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Figure 30: Thickness-time profiles of depositions on H-Si surfaces at different 
temperatures 
 
ZrO2 depositions on native silicon oxide surfaces at temperatures higher than 350 
°C have similar thickness-time profiles. The growth rates of ZrO2 layers change very 
little over time, and are constant at all these temperatures. All the depositions show a 
three-stage surface evolution during deposition: (I) initial nucleation, (II) transition, and 
(III) further nucleation. All deposition processes start with a nucleation process, in which 
the ZrO2 layer does not start growing until a 5-7 Å thick surface roughness layer is 
formed. If we assume the surface roughness layer consists of hemispherical nucleus, the 
average distance between neighboring nuclei is 10-14 Å. As soon as the ZrO2 layer starts 
growing, and the initial nuclei coalesce into a continuous film, the surface roughness 
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layer starts to decrease. At 350 °C the surface roughness layer decreases faster than at 
higher temperatures, such as 400 °C. In temperature range 350-400 °C, the surface 
roughness layer can decrease to zero at certain thicknesses between 30 and 140 Å, while, 
at temperatures higher than 425 °C, the thickness of surface roughness layer does not 
drop to zero. Films deposited at temperatures higher than 425 °C have a surface 
roughness layer throughout the deposition process. Following the surface roughness 
decrease, the deposition process continues with a further nucleation process, which is 
characterized by a continuous surface roughness layer thickness increase. 
The thickness-time profiles of ZrO2 depositions on H-Si surface at temperatures 
higher than 350 °C are also similar. All depositions also show a three-stage surface 
evolution: (I) initial nucleation, (II) transition, and (III) further nucleation. Unlike the 
depositions on native silicon oxide surfaces, in the initial deposition processes surface 
roughness layers reach a thickness of 20-30 Å. During the transition stage, the surface 
roughness layer thickness keeps constant, instead of decaying to zero, resulting in 
rougher surfaces compared to ZrO2 films deposited on native silicon oxide. These results 
are similar to an earlier report on the deposition on Pt surfaces90.  In that work, a 95 Å 
surface roughness was observed before the bulk ZrO2 layer started growing. The 
thickness of the surface roughness layer keeps constant until the further nucleation 
process starts.  
Depositions of ZrO2 at 300 °C on native silicon oxide and H-Si surfaces are 
different from depositions at higher temperatures. On native silicon oxide surfaces, the 
surface roughness and ZrO2 increase simultaneously at a similar growth rate throughout 
the deposition process, resulting in a high void content low refractive index film. On H-Si 
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surface, the initial growth of ZrO2 layer is inhibited. The deposition process started with a 
surface roughness increase, suggesting a nucleation process. In the following deposition, 
the thickness of the ZrO2 layer and the surface roughness layer increase simultaneously. 
Since the growth rate of the ZrO2 layer is higher than that of the surface roughness layer 
after the ZrO2 layer reached 30 Å, the ZrO2 film deposited on H-Si at 300 °C has a lower 
void fraction than the film deposited on native silicon oxide.  
The two-layer model gives a general description of the deposition process of ZrO2 
on different surfaces. SE results also show that ZrO2 films deposited on native silicon 
oxide surfaces have lower surface roughness than on H-Si surfaces, consistent with AFM 
results. However, when we compare details of the results obtained from AFM and in-situ 
SE, we can find the shortcomings of the two-layer model.  AFM results shows that on 
both native silicon oxide surfaces and H-Si surfaces, the surface roughness increases with 
nominal film thickness, while on H-Si surfaces, the surface roughness differences 
between 60 and 30 Å films at 350 °C are larger than at 450 °C. However, SE results show 
no surface roughness increase between 60 and 30 Å thick ZrO2 films.  We think this is 
due to the limitations of SE’s capability to characterize these ultra thin films. Although 
the two-layer model has been successfully used to characterize deposition thick ZrO2 
(hundreds of nm) films on Pt, using the same two-layer model to characterize ultra thin 
ZrO2 films in this study is problematic. The major difficulty is that the two-layer model 
cannot separate the void fraction inside the ZrO2 layer and the void fraction in these ultra 
thin films. When we arbitrarily assume a structure consisting of a surface roughness layer 
and a ZrO2 layer, we force the void fraction in the ZrO2 layer into the surface roughness 
layer. This can lead to unphysical results.  
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The XRD results show a possible explanation to the difference between AFM 
results and SE results. On H-Si surfaces, the crystallinity of films deposited at lower 
temperatures, such as 350 °C, is much higher than films deposited at higher temperatures, 
such as 450 °C. Therefore, the ZrO2 films deposited at 350 °C have larger long-range 
order compared to samples deposited at 450 °C. This means that films deposited at 350 
°C contain larger grains than films deposited at 450 °C during the initial-stage deposition 
on H-Si. Therefore, when larger grains stick to each other to form a film, more void 
fraction is expressed as the surface roughness.  On the contrary, when small grains stick 
to each other more void fractions will become the space between such small grains, while 
the surface roughness is comparatively unaffected. However, the two-layer model gives a 
better result for the early nucleation process of ZrO2 before the film has coalesced, such 
as depositions at 300 °C on native silicon oxide. Both AFM and SE show consistent 
results in thickness range lower than 50 Å (Figure 23 and Figure 30). 
 
4.3.4.2 One-layer SE Model (Model C) 
When we used Model B, we arbitrarily added an unnecessary constraint that ZrO2 
and void space each account for 50 % surface roughness layer. This assumption 
introduces problems in characterizing films having high surface roughness. For high-k 
gate dielectric applications, the goal is neither to deposit high void fraction films nor to 
deposit high surface roughness films. It is not necessary to separate the void fraction in 
ZrO2 layer from the void fraction in the surface roughness layer. The results from two-
layer model shows that the further nucleation process does not start until the film 
thickness is larger than 80-120 Å. Therefore, we used a one-layer EMA model, consisting 
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of ZrO2 and void (Figure 25.c), to characterize films thinner than 80 Å, the target film 
thickness range for high-k gate applications. We set film thickness and the void space 
percentage as fitting parameters, and extracted thickness and void space percentage at 
each time step throughout the deposition.  
Data analysis shows that the MSE values obtained from Model C are lower than 
those obtained from Model B for depositions on native silicon oxide surfaces at certain 
conditions: 1) at temperatures 350-400 °C and at thicknesses lower than 140 Å; and 2) at 
temperatures higher than 425 °C and at the thickness lower than 80 Å. For depositions on 
H-Si surfaces, Model C has a lower MSE value at thickness less than 80-100 Å. These 
results indicate that Model C is a more suitable model for analyzing the initial deposition 
processes. Since the densities of deposited ZrO2 films can also affect the optical 
properties, we changed the ZrO2 layer in Model B into an EMA layer consisting of ZrO2 
and void to account for density differences in ZrO2 layer. However, strong correlation 
problems prevent us from extracting the void fractions in the ZrO2 layer and the surface 
roughness layer simultaneously.  
 
4.3.5 Initial-stage Deposition Profile and Void Fraction Evolution 
We used Model C to extract film thicknesses and the corresponding void fraction 
at each individual time. The void fraction-thickness profiles for depositions on different 
surfaces are plotted in Figure 31 and Figure 32. The void fraction evolutions of ZrO2 
films during initial-stage deposition on different surfaces at representative temperatures 
higher than 350 °C are plotted in Figure 33. We plot the void fraction-thickness profile 
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for deposition on native silicon oxide surface at 300 °C in Figure 23 along with the 
previously discussed AFM results.  
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Figure 31: Thickness-time profile of ZrO2 initial-stage deposition on H-Si surfaces 
 
0 5 10 15 20 25 30
-20
0
20
40
60
80
Valve Open
 300 °C
 350 °C
 450 °C
Th
ic
kn
es
s 
(Å
)
Time (min)
 
Figure 32: Thickness-time profiles of initial stage ZrO2 deposition on native silicon oxide 
surfaces 
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Figure 33: Void fraction evolution during initial-stage deposition 
 
Initial-stage depositions on H-Si surfaces can be divided into two periods: an 
acceleration period after the onset of deposition, and the following steady state deposition 
in which deposition rate does not change with time (Figure 31). During the acceleration 
period the deposition rate increases with time. The length of this transition period is 
comparatively short when the deposition temperature is higher than 350 °C the film 
thickness is less than 10 Å during the acceleration period, but these films have void 
fractions of ~ 40% at the end of the transition period (Figure 33). While the steady state 
deposition rate does not change with time, the void fraction decreases with time. This is 
explained by a steady state deposition on the top of a rough surface. The film has limited 
further surface roughness development. Hence, the void fraction decreases with 
increasing film thickness. However, when the deposition temperature is low, such as 350 
°C, the acceleration period is long, resulting a very non-uniform film (Figure 21).  
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Depositions on native silicon oxide have two different types of film thickness – 
time profiles depending on deposition temperature (Figure 32). Depositions on native 
silicon oxide surfaces at temperatures higher than 350 °C do not have an acceleration 
period. These depositions directly jump into the steady state deposition, while the void 
fraction quickly drops to less than 10 % at film thickness ~ 20 Å. Depositions on native 
silicon oxide surfaces at lower temperatures, such as 300-325 ºC, also start at a high 
deposition rate. However, the deposition rate decreases dramatically after deposition 
starts. Then, the deposition process exhibits an acceleration period similar to depositions 
on H-Si surfaces, before it slowly reaches steady state (Figure 32), indicating a nucleation 
process. The resulting film has both low density and high surface roughness.  
Figure 33 shows ZrO2 films on the two surfaces have different void fraction 
evolutions during deposition. The void fractions of films deposited on native silicon 
oxide surfaces are lower than films deposited on H-Si surfaces at all film thicknesses. 
The void fraction in films deposited on H-Si surfaces decreases continuously as the film 
deposits, up to a film thickness of 80 Å. The void fraction of films deposited on native 
silicon oxide surfaces decreases drastically at the onset of deposition. At a thickness of 
approximately 30-40 Å, the film void fraction reaches zero, suggesting a high-density, 
low surface roughness film. Therefore, high quality films up to 80 Å can be deposited on 
native silicon oxide surfaces through proper deposition condition control.  
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4.4 A Discussion on the Initial-stage Deposition of ZrO2  
4.4.1 Initial-stage Deposition of ZrO2 on H-Si 
The decomposition mechanism of ZTB can be used to explain the observed 
differences in initial deposition behavior of ZrO2 on different surfaces. Details on the 
deposition mechanism of ZrO2 from ZTB were discussed in Section 2.2.5.  
Native silicon oxide surfaces are terminated by hydroxyl groups, while H-Si 
surfaces are terminated by hydrogen atoms109. At the onset of deposition, ZTB molecules 
decompose through the β-H-elimination reaction, which produces surface hydroxyl 
groups101 and form ZrO2 clusters on H-Si surfaces. Due to the high reactivity of hydroxyl 
groups produced on the deposited ZrO2, the ZrO2 clusters become the preferential 
deposition sites as soon as they are formed. From this moment, the deposition process 
proceeds in two dimensions: 1) the vertical growth due to the decomposition of ZTB on 
the top of ZrO2 clusters, and 2) the lateral growth due to surface diffusion of ZTB 
molecules initially physically adsorbed on areas terminated by hydrogen atoms, and the 
decomposition of such ZTB molecules on the edge of ZrO2 clusters. Since the ZrO2 
coverage during the very early stage deposition is much lower than hydrogen terminated 
areas, the lateral growth is more significant than vertical growth. This is evident in Figure 
31, which shows all depositions on H-Si have an acceleration period after the ZTB supply 
was turned on. No film thickness increase was observed during the induction period. As 
the process proceeds, the surface coverage of hydrogen atoms decreases. Since the lateral 
growth depends on the surface coverage of hydrogen atoms, the vertical growth rate soon 
becomes higher than lateral growth of the ZrO2 clusters (or islands at this stage).  
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At this stage the surface has changed into a hydroxyl group terminated surface. 
Both hydroxyl groups and ZTB have polarized bonds. Because of stronger interaction 
between hydroxyl groups and ZTB molecules, ZTB molecules are less mobile on 
hydroxyl group terminated surfaces. On the other hand, due to the topology developed 
during the induction period, the fluxes to different points on the surface will differ. The 
peaks of ZrO2 clusters/islands will have a higher ZTB flux impinging on them, enhancing 
the deposition rates compared to a flat surface. This magnifies the existing topology, 
leading to a 3-dimentional (3-D) nucleation process (Figure 34). An extreme example is 
the deposition at 300 °C. Due to the low surface mobility of ZTB molecules and low 
surface density of hydroxyl groups, the surface roughness layer keeps increasing during 
the whole deposition process, resulting in a highly non-uniform film. At higher 
temperatures the decomposition rate of ZTB is so fast that the influence of surface 
diffusion becomes less important. Whenever ZTB molecules reach the surface they 
decompose immediately at the same location. Small clusters form on the top of clusters, 
so the films deposited at higher temperatures have lower long-range order. Additionally, 
the topology of the film is mainly influenced by the uniformity of the flux, so surface 
roughness increase at lower temperatures is much higher than at higher deposition 
temperatures. In summary, at the target film thickness range for high-k gate application, ~ 
50% of the film thickness is the surface roughness layer.  Due to the high surface 
roughness, the resulting ZrO2 film deposited on H-Si surface is not suitable for depositing 
high-k gate dielectric films. 
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Figure 34: A schematic of the film formation mechanism of ZrO2 on H-Si surfaces, 
where c represents ZTB molecules, z represents the reaction intermediates, and 
zrepresents ZrO2. (a) At the onset of deposition, the deposition process is limited by the 
number of available reactive sites. Adsorbed ZTB molecules diffuse on H-Si surface to 
form ZrO2 clusters. (b) Due to high coverage of H-Si surface, the lateral growth of ZrO2 
is faster than vertical growth. At the same time, topology is developed as soon as clusters 
form. (c) When H-Si coverage is low, the lateral growth of ZrO2 stops. At this stage the 
H-Si has been replaced by ZrOH, on which ZTB cannot diffuse quickly. Due to the 
topology development in (b), the sites receive different ZTB fluxes. Therefore, the 
topology development is magnified during further deposition process. 
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4.4.2 Initial-stage Deposition of ZrO2 on Native Silicon Oxide Surfaces 
Native silicon oxide surfaces are covered with hydroxyl groups. Due to the high 
reactivity of hydroxyl groups and their high surface density on native silicon oxide 
surfaces, surface hydroxyl groups quickly react with ZTB molecules and form a low void 
fraction ZrO2 monolayer. The void fraction of these films quickly dropped to a minimum 
value shortly after initiating deposition. This is proven by the high starting deposition rate 
on native silicon oxide surfaces at 300 °C. As shown in Equations 2.7 to 2.9, concurrent 
with the reaction between surface hydroxyl groups and ZTB molecules, the surface is 
changed into a t-butoxy group terminated surface. 
The thermal stability of the t-butoxy groups, as well as the surface density of 
hydroxyl groups influences the continued deposition. At lower deposition temperatures, 
such as 300-325 °C, the t-butoxy groups have higher stability. Since the t-butoxy groups 
do not directly react with ZTB like hydroxyl groups do, the properties of the surface are 
similar to H-Si surfaces. As a result, the deposition rate quickly degrades as the surface 
hydroxyl groups are depleted (Figure 32). Thereafter, the deposition rate increases slowly 
while the density of surface hydroxyl group builds up through the decomposition of 
butoxy groups or incoming ZTB. The surface of deposited is rough (Figure 22 and Figure 
23). This deposition process is described by Figure 35.a.  
At temperatures higher than 350 °C, the stability of the intermediate t-butoxy 
groups no longer affects the deposition process, so the surface hydroxyl groups can be 
effectively regenerated. Since the first layer is formed uniformly, the distribution of 
hydroxyl groups on the surface is even. The 3-D type nucleation does not happen on 
native silicon oxide surfaces (Figure 35.b). As soon as the native silicon oxide surface is 
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Figure 35: A schematic of the film formation mechanism of ZrO2 on native silicon oxide 
surfaces, which have few (a) and many (b) reactive sites, where c represents ZTB 
molecules, z represents decomposed ZTB and ZrO2, and z represents high energy 
hydroxyl groups on native silicon oxide surfaces. (a-1) At low substrate temperatures, 
ZrO2 reacts with high energy hydroxyl groups, and form clusters on native surface oxide 
surface. (a-2) ZTB molecules diffuse slowly on hydroxyl group terminated surfaces. Due 
to different ZTB fluxes on different sites, the topology is magnified in further deposition 
process, resulting high void fraction in films. (b-1) At higher substrate temperatures, such 
as 400 ºC, native silicon oxide surface is covered by reactive hydroxyl groups.  A 
monolayer of ZrO2 is quickly formed at the onset of deposition. (b-2) Since all the sites 
have a similar view angle, topology development is suppressed. 
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completely changed into ZrO2 surface, the following deposition on H-Si surface is the 
same as the deposition on native silicon oxide surface. The effects of ZTB surface 
diffusivity and ZTB decomposition rate will also affect the surface roughness increase 
during film thickness increases and the crystallinity of films.  
In summary, the initial-stage deposition of ZrO2 on different surfaces will directly 
influence the properties of deposited films. The initial-stage deposition of ZrO2 on H-Si 
surface induces large topology development, resulting non-uniform films, so H-Si is not 
suitable for high-k gate dielectric applications. The reactive hydroxyl groups on native 
silicon oxide surface prevent the initial 3-D type nucleation of ZrO2. The films deposited 
on native silicon oxide surfaces are uniform at thicknesses less than 80 Å. Native silicon 
oxide surface is suitable for high-k gate dielectric film deposition.  
 
4.5 Conclusions 
 We used in-situ SE method to study the deposition process of ZrO2 from ZTB on 
both native silicon oxide and H-Si surfaces. We compared the results obtained from 
different SE models to the results from AFM, and discussed the difficulties in SE 
characterization on ultra thin ZrO2 films during initial-stage deposition. We discovered 
that ZrO2 films deposited of native silicon oxide surfaces have higher refractive indexes 
and film densities. We showed that different nucleation and coalescence processes during 
the initial-stage deposition on different surfaces affect the properties of the deposited 
films. On H-Si surfaces, the lack of reactive surface hydroxyl groups and high surface 
diffusivity of ZTB molecules lead to 3-D nucleation process. The resulting films have 
high surface roughness, and are inappropriate for gate dielectric applications.  On native 
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silicon oxide surface, the highly reactive hydroxyl groups react with ZTB molecules to 
form a high-density layer on the top of native silicon oxide surface. At temperatures 
higher than the decomposition temperature of the t-butoxy group, further 3-D nucleation 
of ZrO2 is suppressed. The resulting films have low void fraction and low topology 
development, and are more suitable for gate dielectric applications.  
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CHAPTER V 
 
INITIAL-STAGE DEPOSITION OF ZRO2 ON H-TERMINATED SI(100) 
AND NATIVE SILICON OXIDE SURFACES 
 
 
5.1 Background 
The aggressive dimensional scaling of MOSFET has pushed the traditional gate 
dielectric material, silicon dioxide, to its physical property limits. Silicon dioxide films 
thinner than approximately 1 nm cannot sustain the potential drop necessary to drive the 
devices, resulting in large direct tunneling currents. These tunneling currents negatively 
impact proper operation of the MOSFETs5,30. High-k dielectric materials are expected to 
replace silicon dioxide as the gate dielectric layers to solve this problem5,30.  
There are several significant differences between the current gate stack structure 
and the one fabricated with a high-k dielectric material. High-k materials require a 
different formation process from the traditional thermal silicon oxidation. The silicon 
oxidation process involves the diffusion of an oxidant, often O2, into the silicon substrate 
followed by the reaction between silicon and the oxidant65. The uniformity of silicon 
dioxide films has not been a significant issue for many years. The deposition process for 
high-k materials presents a significant challenge. We have discussed these challenges in 
high-k dielectric deposition processes in Section 2.2.2.  The successful deposition process 
must produce films of uniform composition, microstructure, thickness and interface 
properties.  
ZrO2 films deposited by ALCVD on H-Si surfaces consist of two layers: the ZrO2 
layer and an interfacial layer59,85. Neither the ZrO2 layer thickness nor the interfacial layer 
thickness was reported to be uniform.  The ZrO2 layer consisted of separated ZrO2 
 91 
islands, while the interfacial layer was composed of zirconium silicate. On the contrary, 
ZrO2 deposited on oxidized silicon surfaces are uniform, and have favorable properties 
for high-k gate applications. These results show that the starting surface can significantly 
affect the properties of deposited films. A detailed report of the influences of deposition 
conditions on film properties is not currently available.  
In Chapter IV, we presented in-situ SE results about the differences between the 
ZrO2 initial-stage deposition process on H-Si surfaces and native silicon oxide 
surfaces132. We discussed the influence of deposition conditions on film properties and 
proposed a general description of the deposition process of ZrO2 on different surfaces. In 
this chapter, we extend our previous work and investigate details of deposited films using 
complementary analytical tools, such as angle resolved X-ray photoelectron spectroscopy 
(ARXPS), time of flight medium energy back scattering (TOF MEBS), and TEM 
techniques.  
 
5.2 Experimental Details 
ZrO2 films were deposited from ZTB in an UHV compatible CVD system at 
substrate temperatures of 350, 400, and 450 °C, and at a total pressure of 10-6-10-5 Torr. 
Native silicon oxide and H-Si were used as starting surfaces for this work. The deposition 
precursor, ZTB, flowed from a bubbler through a heated gas manifold system and entered 
the reactor through the bottom of the deposition chamber. No carrier diluent gases were 
used. Spectroscopic ellipsometric (SE) spectra were collected with the software EASE® 
(J.A. Woollam Company, Lincoln, NE) at two second intervals during deposition. SE 
spectra within the photon energy range of 1.25 – 5.8 eV were used for data processing. 
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We stopped deposition when the thickness of deposited films measured by in-situ SE 
reached 30 or 60 Å. Details of the CVD system, the preparation of substrate surfaces, and 
deposition process can be found in Section 3.2. A brief description is provided here for 
completeness.  
We used a two-layer ellipsometric model to monitor the growth of ZrO2 during 
the deposition process. The two-layer model consisted of a TL layer 115 to represent the 
ZrO2 layer, and a virtual substrate layer. Ellipsometric data collected from the starting 
surfaces before precursor introduction were used to represent the virtual substrate. After 
deposition, the data were reevaluated using an EMA layer to extract the void fraction 
evolution during the deposition process133. Details of this method were discussed in 
Chapter IV and previously reported in references132.  
Topographic images of the deposited films were obtained using a Digital 
Instruments’ Nanoscope IIIa atomic force microscope (AFM) with etched silicon probes 
(NanoSensor NCH). The typical tip radius of curvature is 2 nm. Images of 2×2 µm areas 
with 512-line resolution were used to determine the surface-roughness of these samples. 
A plane fit and a first-order flattening were performed prior to calculating surface-
roughness.  
TEM was used to evaluate the morphology and microstructure of the films. TEM 
samples were prepared by mechanical polishing down to 5 µm thickness, followed by 
argon ion thinning in the area of interest to the point of electron transparency. A 200 kv 
acceleration voltage field-emission transmission electron microscope with a twin-lens 
configuration was used for analysis. The instrument was operated at 200 kV. High-
resolution cross-sectional TEM images were obtained with sample interfaces parallel to 
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the direction of the beam. Plan-view TEM images were obtained with the Si(100) plane 
perpendicular to the direction of the beam.  
Time-of-flight medium energy backscattering (TOF MEBS) was used to analyze 
the composition of both the ZrO2 and interfacial layer. The ion scattering measurements 
were carried out in vacuum at ~10-6 Torr. 270 keV incident He+ beam was used for all 
experiments. Details of data collection are available in reference134. ToF MEBS spectra 
were simulated using the Mathematica based RBSTools package135.  A three layer thin-
film model was used to simulate the backscattering spectra.  The model consisted of a 
ZrO2 layer on a Si substrate with an interfacial layer containing Zr, Si, and O.  
Stoichiometry and thickness values were obtained from a best fit of the simulation to 
experimental spectra. 
A ThetaProbe® ARXPS system was used to study the depth profile of samples 
deposited on different surfaces at 350 °C. Photoelectrons initiated by X-rays emerge from 
the sample surface over a range of angles.  The ThetaProbe ARXPS systems measures 
the intensity of the photoelectron emission, as a function of emission angle, which 
provides information about the distribution of elements as a function of depth below the 
surface.  A micro channel detector (MCD) incorporated in the ThetaProbe system allows 
spectra to be acquired with up to 112 energy channels and up to 96 angular channels. 
Samples were mounted on a standard ThetaProbe sample holder, and analyzed using a 
standard micro-focused, monochromatic Al Kα X-rays, with a 400 µm X-ray spot size,  a 
100 eV pass energy and a 0.1 eV step size to scan Si2p, O1s and Zr3d peaks. For each 
elemental region, sixteen angle resolved spectra were recorded.  
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Ex-situ ellipsometry data were collected from as-deposited samples using a J.A. 
Woollam M-2000DI multi-angle spectroscopic ellipsometer at a 75° incident angle. 
Scans were collected for 60 s to minimize random noise in the collected data. Ψ and ∆ 
values within the full photon energy range of our ellipsometer (1.2 to 6.5 eV)  were used 
for data fitting. Data processing was conducted using WVASE 32, a software application 
developed by J.A. Woollam Company.  
 
5.3 Results 
5.3.1 In-situ SE  
In-situ real time SE data were collected during deposition. After deposition, we 
used a two-layer ellipsometric model to evaluate the void fraction evolution during 
deposition. The two-layer ellipsometric model consists an EMA layer and a virtual 
substrate layer. The EMA layer has two components void and ZrO2 whose optical 
constant were obtained from experiments132.  The optical constants of ZrO2 were the 
same as those extracted from the TL model115 in reference132. Ellipsometric data collected 
from the starting surfaces before precursor introduction were used to represent the virtual 
substrate. Therefore, the void fraction evolution during deposition was extracted from in-
situ ellipsometric data.  
Figure 36 and Figure 37 show the void fraction evolution of ZrO2 films deposited 
on different surfaces during initial-stage deposition. On H-Si surfaces, the void fraction 
of ZrO2 films decreases continuously with increasing film thickness, but does not reach 
zero. At a fixed thickness, film void fraction decreases with increasing substrate 
temperature. On native silicon oxide surfaces, the void fraction of ZrO2 films dropped to 
 95 
approximately zero in the 30-40 Å thickness range. The void fraction remains low during 
further deposition. Additionally, substrate temperature has only a weak influence on void 
fraction.  
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Figure 36: Void fraction evolution during ZrO2 initial-stage deposition on H-Si surfaces. 
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Figure 37: Void fraction evolution during ZrO2 initial-stage deposition on native silicon 
oxide surfaces 
 
5.3.2 AFM 
Figure 38 contains representative AFM images of films deposited on the different 
surfaces. The surface roughness results are plotted in Figure 39 and listed in Table 4. 
Figure 38 shows that starting surface, deposition temperature, and film thickness all have 
an influence on the surface roughness of the deposited films. On both H-Si and native 
silicon oxide surfaces, surface roughness increases with film thickness. When the film 
thickness increased from 30 to 60 Å, the surface roughness of films deposited on native 
silicon oxide surfaces increased by less than 1 Å, but on H-Si surfaces, the surface 
roughness increased by more than 2.5 Å. The surface roughness of films deposited on H-
Si surfaces decreases with increasing deposition temperature. On native silicon oxide 
surfaces, films deposited at 400 °C have higher surfaces roughness than for depositions at 
both 350 and 450 °C. The magnitude of the effect of thickness on surface roughness is 
dependent on deposition temperature. When the thickness is increased from 30 to 60 Å, 
 97 
on both H-Si surfaces and native silicon oxide surfaces, ZrO2 films exhibit a maximum in 
surface roughness increase at 350 °C, and a minimum in surface roughness increases at 
450 °C.  
 
  
(a)     (b) 
 
  
(c)     (d) 
 
Figure 38: 2µm × 2µm AFM images of (a) 30 Å and (b) 60 Å ZrO2 films deposited on H-
Si surfaces at 350 °C, and (c) 30 Å and (d) 60 Å ZrO2 films deposited on native silicon 
oxide surfaces at 350 °C 
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Figure 39: The surface roughness of 30 and 60 Å ZrO2 films deposited on H-Si and 
native silicon oxide surfaces 
 
Table 4 Thicknesses of some samples measured by different methods 
Starting 
surface 
Deposition 
Temperature 
(Å) 
Layers 
Physical 
Measurement* 
(Å) 
Ex-situ 
SE 
(Å) 
ToF 
MEBS 
(Å) 
ARXPS 
(Å) 
Surface 
roughness 4.32 24.12 - - 
ZrO2 0 – 36.6 0.88 13.82 9 H-Si 350 
Interfacial 
layer  21.9 21.89 14.67 25 
Surface 
roughness 4.02 30.12 -  
ZrO2 15.8 – 26.8 0 18.05  H-Si 450 
Interfacial 
layer  14.6 18.4 17.93  
Surface 
roughness 3.04 18.12 - - 
ZrO2 30.4 13.97 22.68 29 
Native 
silicon 
oxide 
350 
Interfacial 
layer  14.6 18.98 16.57 13 
Surface 
roughness 3.78 19.34 -  
ZrO2 31.7 13.33 24.33  
Native 
silicon 
oxide 
450 
Interfacial 
layer  15.9 19.37 16.95  
 
* Surface roughness is measured by AFM, while ZrO2 layer thickness and interfacial 
layer thickness are measured by cross sectional TEM. 
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5.3.3 TEM  
Figure 40 shows the cross sectional TEM images of 30 Å ZrO2 films deposited on 
H-Si and native silicon oxide surfaces at 350 and 450 °C. Lattice fringe edges and 
contrast differences were used to define the top and bottom surfaces of the interfacial 
layers. The distance between these two surfaces was defined as the thickness of the 
interfacial layer. The distance between the top of the interfacial layer and the bottom of 
the valleys on the ZrO2 top surface was defined as the thickness of the ZrO2 layer. The 
measured thickness values are listed in Table 4.  
The TEM images show that ZrO2 films deposited on different surfaces have 
different structures. ZrO2 films deposited on H-Si surfaces are not uniform, and consist of 
separated islands. The spacing between islands for films deposited at 350 °C is larger 
than for films deposited at 450 °C. This is also confirmed by plan view TEM results 
[Figure 41(a) and (b)]. This observation indicates that the coalescence of ZrO2 films 
begins at a lower films thickness at 450 °C than at 350 °C. Figure 42(a) and (b) show 
further progression of the coalescence process. At 60 Å film thickness the boundary 
between islands can still be identified, though the spacing between islands has been 
reduced compared to that seen in Figure 41(a) and (b). Films deposited on native silicon 
oxide surfaces appear uniform. No separated islands can be identified on either the cross 
sectional TEM images [Figure 40(c) and (d)] or plan view TEM images [Figure 41(c) and 
(d)]. Figure 42(c) and (d) show that 60 Å ZrO2 films deposited on native silicon oxide 
surfaces have coalesced. Additionally, all cross sectional TEM images contain an 
interfacial layer between ZrO2 and the silicon substrate. The interfacial layer thicknesses 
of ZrO2 films deposited on native silicon oxide surfaces are not affected by deposition 
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temperature, while the interfacial layer thickness of ZrO2 deposited on H-Si at 350 °C is 
thicker than at 450 °C.  
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Figure 40: Cross sectional TEM images of 30 Å ZrO2 films deposited on H-Si surfaces at 
(a) 350 °C and (b) 450 °C, and 30 Å films deposited on native silicon oxide surfaces at 
(c) 350 °C and (d) 450 °C 
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Figure 41: Plan view TEM images of 30 Å ZrO2 films deposited on H-Si surfaces at (a) 
350 °C and (b) 450 °C, and deposited on native silicon oxide surfaces at (c) 350 °C and 
(d) 450 °C 
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Figure 42: Plan view TEM images of 60 Å ZrO2 films deposited on H-Si surfaces at (a) 
350 °C and (b) 450 °C, and deposited on native silicon oxide surfaces at (c) 350 °C and 
(d) 450 °C 
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5.3.4 ToF MEBS 
Figure 43 presents representative backscattering spectra of ZrO2 deposited on H-
Si and native silicon oxide surfaces. Both films have a nominal thickness of 30 Å, as 
determined by in-situ SE. Identical integrated charge was collected for each experiment; 
however, the zirconium and oxygen peaks in the spectrum from the film deposited on 
native silicon oxide are larger. This result is consistent for all samples in this work. These 
results demonstrate that a denser ZrO2 film is deposited on native silicon oxide surfaces 
than on H-Si surfaces. Similar results were obtained in a study by Copel et al using 200 
keV MEIS where ZrO2 was deposited on thermally grown SiO259. 
 
 
Figure 43: 270 keV He+ TOF-MEBS backscattering spectra of 30 Å ZrO2 deposited at 
450 °C on native silicon oxide (—) and H-Si (----). 
 
Figure 44 shows a representative TOF-MEBS He+ backscattering spectrum and 
simulation for 30 Å ZrO2 deposited on H-Si at 450° C.  Simulations indicated that the 
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ZrO2 films were slightly oxygen deficient, and an interfacial layer of ZrSixOy was 
present. The atomic ratio of Zr to oxygen in all of the ZrOx layers is in the range of 1-
1.2:2, which is not affected by the deposition temperature, film thickness, nor starting 
surface. However, the composition of the interfacial layer does depend on the starting 
surface (Figure 45). The interfacial layer of films deposited on H-Si surfaces contains 
twice as many zirconium atoms as than those deposited on native silicon oxide surfaces.  
 
 
Figure 44: 270 keV He+ TOF-MEBS He+ backscattering spectrum (····) and simulation 
(—) of 30 Å ZrO2 deposited on native silicon oxide at 450° C.  The solid line shows the 
simulation. 
 
Precise TOF MEBS determination of the thicknesses of each layer is difficult 
since accurate density values for the layers are not available. Additionally, results are 
limited by the depth resolution of the TOF MEBS system136. We used the bulk ZrO2 
density of 5.7 g/cm3 and an empirical interfacial layer density of 3.7 g/cm3 in simulations. 
 105 
TOF MEBS is not sensitive to the surface roughness. Therefore, only the thickness values 
of ZrO2 layers and interfacial layers are plotted in Figure 45 and listed in Table 4.  
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Figure 45: Interfacial layer zirconium atomic ratio of 30 and 60 Å ZrO2 films deposited 
on H-Si and native silicon oxide surfaces at different temperatures.  
 
5.3.5 ARXPS 
Zr 3d, O 1s, and Si 2p ARXPS spectra were acquired from two 30 Å ZrO2 
samples deposited at 350 °C on H-Si (Figure 46) and on native silicon oxide surfaces 
(Figure 47).  Spectra from 16 take-off angles were recorded simultaneously for each 
elemental region. These ARXPS spectra were used to calculate the concentration depth 
profiles of the elements and the thickness of the zirconium oxide films using the method 
of maximum entropy137. For concentration depth profile calculations, we assumed that 
the film and the substrate have 0% and 100 % elemental silicon respectively. For sample 
thickness calculations, the film deposited on H-Si surfaces was assumed to consist of 
ZrO2 and Zr2SiO4 layers on Si. The stoichiometry of the interfacial silicate layer was 
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taken from the concentration depth profile. Density values of 5.68 g/cm3 and 3.1 g/cm3 
were used for the ZrO2 layer and the interfacial Zr2SiO4 layer respectively138. The film 
deposited on native silicon oxide surface was assumed to consist of ZrO2 and SiO2 layers. 
Density values of 5.68 g/cm3 and 2.196 g/cm3 were used in calculations, for ZrO2 and 
SiO2, respectively138. 
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Figure 46: ARXPS of (a) Zr 3d, (b) O 1s, and (c) Si 2p spectra of 30 Å ZrO2 deposited on 
H-Si surface at 350 °C. 
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Figure 47:ARXPS of (a) Zr 3d, (b) O 1s, and (c) Si 2p spectra of 30 Å ZrO2 deposited on 
native silicon oxide surface at 350 °C. 
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Films deposited on different surfaces have distinctively different composition 
depth profiles. For the sample deposited on H-Si surfaces, an oxidized silicon signal was 
detected at zero depth, while both zirconium and oxygen concentration decrease 
continuously with increasing depth (Figure 48). The interface between the ZrO2 layer and 
the interfacial layer is not clearly defined. These results are consistent with the TEM 
observation that these films are discontinuous. However, the profile extraction process 
assumes smooth layers of uniform thickness. Therefore, the extracted profile in Figure 48 
does not describe the sample well. Further work is already underway to improve the 
analysis of ARXPS data from samples with fractional coverage. 
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Figure 48: Elemental depth profile of a 30 Å ZrO2 film deposited on H-Si surface at 350 
°C 
 
For the sample deposited on a native silicon oxide surface, the concentration of 
oxygen and zirconium is constant in the ZrO2 layer (Figure 49). The O:Zr ratio of the 
ZrO2 layer is 1.75, indicating that the ZrO2 layer is oxygen deficient.  The depth 
corresponding to half maximum intensity is used to define the interfaces. Using different 
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elements to determine the interface between the silicon substrate and the interfacial layer 
resulted in negligible differences in measured thicknesses. This suggests that the interface 
between the interfacial layer and the silicon substrate is abrupt. However, the 
ZrO2/interfacial layer interface depths, defined by Sin+ and Zr, have a 3 Å difference, 
suggesting the presence of a less abrupt transition.  
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Figure 49: Elemental depth profile of a 30 Å ZrO2 film deposited on native silicon oxide 
surface at 350 °C 
 
The ARXPS spectra for the two samples were also integrated over photoemission 
angle to give total Si 2p and O 1s intensities from each sample. The spin-orbit splitting in 
the Si 2p regions of interest was removed from the angle integrated spectrum. Both the O 
1s and Si 2p spectra were deconvoluted to investigate the chemical bonding states of 
these elements. Atomic concentrations of the different bonding states identified by this 
process are listed in Table 5.  ZrO2 films deposited on H-Si surfaces have silicon 
suboxide, silicate, and silicon dioxide components. The silicate component accounts for 
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more than 60 % of oxidized silicon. This suggests significant silicate formation at the 
interface. ZrO2 films deposited on native silicon oxide surfaces only have silicon 
suboxide and silicon dioxide components. No silicate component was observed. 
 
Table 5: Atomic concentration (%) of elements at different chemical states 
Starting surface H-Si Native silicon oxide 
Si sub-oxide 0.8 0.4 
Si silicate 4.2 - 
Si oxide 1.6 3.0 
Zr 28.2 33.7 
OA 41.7 47.6 
OB 20.4 14.0 
OC 3.2 1.4 
 
5.3.6 Ex-situ SE 
A three-layer model, consisting of a surface roughness layer, a TL layer to 
represent the ZrO2 layer, and another TL layer to represent the interfacial layer, was used 
for data analysis. Details on this model and the data analysis methodology can be found 
in Chapter III and in reference139. The TL model parameters for the ZrO2 layer extracted 
in the previous work were used as constants for the ZrO2 TL model in this work. The TL 
model parameters for the interfacial layer, as well as the thickness of each layer, are set as 
fitting parameters. The resulting thicknesses are plotted in Figure 50 and listed in Table 4.  
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Figure 50: Ex-situ SE results of (a) surface roughness layer, (b) ZrO2 layer, and (c) 
interfacial layer thicknesses of 30 and 60 Å ZrO2 samples deposited on different surfaces 
and at different temperatures.  
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Films deposited on native silicon oxide surfaces have lower surface roughness 
compared to those deposited on H-Si surfaces [Figure 50(a)], consistent with AFM 
measurements. However, for samples deposited on H-Si surfaces, the surface roughness 
increase measured by AFM is not observed by SE measurements. For a given nominal 
film thickness, the ZrO2 layer thicknesses of films deposited on H-Si surfaces are much 
lower than for films deposited on native silicon oxide surfaces [Figure 50(b)]. In the 
studied thickness range, the interfacial layer thickness of films deposited on both H-Si 
and native silicon oxide surfaces increases with increasing film thickness [Figure 50(c)].  
 
5.4 Discussion 
 At elevated temperatures ZTB decomposes through two routes: a β-H-elimination 
reaction or a substitution reaction with surface hydroxyl groups23,101. Details on the 
deposition reaction mechanism can be found in Section 2.2.5. 
Since the β-H-elimination reaction generates surface hydroxyl groups, and t-
butanol readily dehydrates to form butene at elevated temperatures, the contribution of 
the two reactions cannot be distinctively separated during bulk deposition. However, the 
predominant decomposition route significantly affects the nucleation and coalescence 
process on different starting surfaces. In Chapter IV, modeling the evolution of void 
space in the deposited films led to a proposed model for the initial-stage deposition of 
ZrO2 on different surfaces132. Due to the ultra thin nature of deposited films, the void 
space inside the deposited film and the void space resulting from surface roughness 
cannot be separated. In the current work we comprehensively used in-situ SE, AFM, and 
TEM to study the details of the structures of these films.  
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5.4.1 Nucleation and Coalescence on H-Si Surfaces 
The same in-situ SE data analysis method as in Chapter IV was used to extract 
void fraction evolution in this work. The void fraction of films deposited on H-Si 
surfaces is influenced by both deposition temperature and film thickness (Figure 36). 
These void fractions decrease consistently until the film thickness reaches approximately 
60 Å. The void fraction of 60 Å films is in the range of 10-30 %. The nucleation and 
coalescence process has not reached completion for these films. This is confirmed by 
AFM results that show a large surface roughness increase is observed when film 
thickness is increased from 30 to 60 Å (Figure 39).  
Void fraction can exist as either the void space inside the deposited films or as 
equivalent void-space in the surface roughness layer. The contribution from these two 
types of void space cannot be distinguished by in-situ SE measurement132. We used both 
cross sectional TEM and plan view TEM to further investigate the structure of deposited 
films. Cross sectional TEM images show that ZrO2 films deposited on a H-Si surface 
consist of ZrO2 islands (Figure 40). The 30 Å ZrO2 films deposited at 350 °C on a H-Si 
surface consist of separated islands. The 30 Å thick film deposited at 450 °C has 
coalesced. Once coalesced, the ZrO2 film can be divided into a surface roughness layer 
and a ZrO2 layer.  
TEM results also show the film structure evolution during ZrO2 initial-stage 
deposition. Figure 40 and Figure 41 show the cross sectional TEM images and plan view 
images, respectively, of 30 Å ZrO2 films. These images suggest that the initial-stage 
deposition of ZrO2 on H-Si surfaces is a 3-D type nucleation process. During deposition 
on H-Si, spacing between centers of islands is conserved when the thickness increases 
 115 
from 30 Å (Figure 41) to 60 Å (Figure 42). This suggests that the surface topology 
characteristics developed in the first 30 Å are preserved through the remainder of the 
initial-stage deposition process.  
H-Si surfaces lack hydroxyl groups. At the onset of deposition on H-Si, ZTB 
molecules decompose through the β-H-elimination reaction, producing surface hydroxyl 
groups101 and forming zirconium silicate clusters (more details are discussed in Section 
IV.C) surrounding these newly formed hydroxyl groups. Based on the topology 
development at the onset of deposition, the fluxes of ZTB to different sites on the 
substrate surface are different. The peaks of ZrO2 islands have higher ZTB fluxes, so 
further surface roughness development is expected for thicker films. Additionally, for a 
given film thickness, in-situ SE results show that the void fraction of films deposited on 
H-Si surfaces decreases with increasing deposition temperature. This can be explained by 
increased decomposition rate of ZTB at the onset of deposition. Since more hydroxyl 
groups are generated, more silicate clusters are formed. In brief, the relatively inert H-Si 
surface cannot provide enough reactive hydroxyl groups at the onset of deposition to 
facilitate a layer-by-layer deposition. Instead, the formation of separated reactive surface 
hydroxyl group clusters facilitates a 3-D nucleation process, resulting in a nonuniform 
film.  A detailed discussion was published in our earlier report132.  
 
5.4.2 Nucleation and Coalescence on Native Silicon Oxide Surfaces 
For films deposited on native silicon oxide surfaces, the void fraction is 
influenced only by film thickness (Figure 37). The void fraction of films deposited on 
native silicon oxide surfaces drops to zero in the thickness range of 30 - 40 Å. Thereafter, 
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the void fraction remains constant up to 80 Å thickness. This suggests that ZrO2 
deposition on native silicon oxide surfaces is a layer-by-layer process, or alternatively, 
that the ZrO2 films have completed the initial nucleation and coalescence process at 
thicknesses lower than 30 Å.  
Since the void fraction mentioned above are relative values, the absolute void 
space in these samples increases with film thickness. Additionally, because the void 
fractions of these films are almost zero, the films deposited on the native silicon oxide 
surface have high densities. AFM measurements indicate that the surface roughness 
increases slightly with increasing film thickness (Figure 39). Therefore, void space in 
these films exists mainly as the void components in the surface roughness layer.  
TEM images show no thickness variations, as might arise from ZrO2 islands, for 
the 30 Å sample deposited on a native silicon oxide surfaces. The film deposited on 
native silicon oxide at 350 °C has a flat top surface. The sample deposited at 450 °C 
shows some contrast variation on the top surface, but a surface roughness layer cannot be 
clearly defined.  
Figure 40 and Figure 41 contain the cross sectional TEM images and plan view 
images of 30 Å ZrO2 films. No surface topology development is shown in these figures. 
Surface roughness increase is limited. Plan view images of 60 Å ZrO2 films deposited on 
native silicon oxide surfaces show that these films have fully coalesced. No large 
separated islands or grains, like those seen on H-Si surfaces, were observed. These results 
agree with the in-situ SE and AFM results. We infer, therefore, that the initial-stage 
deposition of ZrO2 on native silicon oxide surfaces is a layer-by-layer deposition process. 
In brief, a high-density of surface hydroxyl groups on native silicon oxide surfaces 
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provides active reaction sites for ZTB molecules. ZTB molecules first react with surface 
hydroxyl groups, and then undergo a β-H-elimination reaction to form a uniform 
monolayer (Equations 1 to 4), resulting in a high-density, low surface roughness ZrO2 
films.  
 
5.4.3 Formation of the Interfacial Layer 
In addition to film structure, the formation of interfacial layers between high-k 
dielectric layers and the silicon substrate is important in high-k gate dielectric 
applications. Although thermodynamic calculations suggest that ZrO2 is stable in direct 
contact with Si39, the formation of an interfacial layer on H-Si surfaces has been 
observed. The thickness of these interfacial layers is influenced by both deposition 
temperature and starting surface.  
Table 4 Thicknesses of some samples measured by different methods shows that 
30 Å films deposited at 350 °C on H-Si surface have a thicker interfacial layer than those 
deposited at 450 °C. However, for samples deposited on native silicon oxide surfaces, the 
interfacial layer thickness is not influenced by deposition temperature. These results 
suggest that interfacial layers on the different surfaces are formed through different 
mechanisms.  
TOF MEBS (Figure 45) analyses show that the interfacial layer of films deposited 
on H-Si surfaces contain more zirconium atoms than those deposited on native silicon 
oxide surfaces. This result is confirmed by ARXPS (Figure 48). Additionally, ARXPS 
shows that the interfacial layer of a sample deposited on H-Si contains silicate 
components (Table 5). These results suggest that at the onset of deposition ZTB or its 
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decomposition intermediates react with the H-Si surface and form an interfacial silicate 
layer. For ZrO2 films deposited on native silicon oxide surfaces, ARXPS shows that the 
interfacial layer is composed of silicon oxide and suboxides. No silicate components 
were observed. These results suggest that ZTB or its decomposition intermediates do not 
participate in the formation of interfacial layers on native silicon oxide surfaces.  
An abrupt interface forms on the native silicon oxide surfaces due to ZTB 
reacting with the hydroxyl groups on the native silicon oxide surfaces. Ex-situ SE results 
show that the interfacial layer thickness increases with film thickness for films deposited 
on both H-Si and native silicon oxide surfaces (Figure 50). At the identical deposition 
conditions, thicker films are exposed to the deposition process longer. Therefore, the time 
that the substrate is exposed to deposition chemicals affects the interfacial layer 
thickness.  Chemicals in the deposition chamber can diffuse through the forming ZrO2 
layer and react with the silicon substrate. Since the interfacial layer of films deposited on 
native silicon oxide surfaces are composed of silicon suboxides only, water formed 
during ZTB decomposition may be reacting with the silicon substrate in that case. 
Therefore, the formation of the interfacial layer involves two mechanisms: 1) ZTB or its 
decomposition intermediates react with H-Si or native silicon oxide surfaces; 2) water or 
other oxidants diffuse through the forming ZrO2 and interfacial layers to react with the 
silicon substrate. Therefore, a metal oxide oxygen barrier with higher dielectric constant 
than SiO2, such as Al2O3, may be necessary for high-k gate dielectric applications5. 
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5.4.4 Discussion of Characterization Methods 
The target thickness for high-k gate dielectric films is in the range of a few 
nanometers. We have shown that the uniformity of these films is highly affected by 
deposition conditions and starting surfaces. Extra consideration of the modeling and 
limitations of tools must be made during characterization.  Table 4 contains selected 
results obtained by different tools used in this study. Values in the physical measurements 
columns are either AFM (surface roughness values) or TEM (film thickness) 
measurements. The results obtained from other tools are compared to these physical 
measurements. Generally, ex-situ SE, ToF MEBS, and ARXPS results are closer to the 
physical measurements for the samples deposited on native silicon oxide surfaces as 
compared to results from samples deposited on H-Si surfaces. The complicated structure 
of ZrO2 films deposited on H-Si surfaces makes it difficult to interpret ARXPS and TOF 
MEBS data because a uniform film structure is assumed in typical data analysis. In 
addition, ToF MEBS thickness measurement is also limited by depth resolution, and 
unavailable interfacial layer densities. For samples deposited on both H-Si and native 
silicon oxide surfaces, ex-situ SE gives fairly accurate interfacial layer thickness 
compared to the physical measurements. The difficulty for ex-situ SE analyses lies in the 
determination of the surface roughness layer. AFM results indicate that the surface 
roughness of these samples is less than 10 Å, which is below the resolution limit of our 
visible to near ultra violet ellipsometer110. Edwards’ report has shown that vacuum ultra 
violet SE has advantages in determining the thickness of such ultra-thin surface 
roughness layers 140. In SE modeling, the interfacial layer are more important for long 
wavelength measurements, while surface roughness is more important for short 
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wavelength measurements, such as measurements in vacuum ultraviolet range 140. In 1.25 
– 6.5 eV photon energy range, our ex-situ measurements infer a higher surface roughness 
layer thickness than physical measurements. However, the sums of the ZrO2 layer and the 
surface roughness layer thickness are nearly identical to the physical measurements. For 
samples deposited on H-Si surfaces, due to excessive 3-D type nucleation, the SE surface 
roughness layer accounts for a large portion of film thickness. The surface roughness 
measurements are close to the physical measurements in this case. 
Additionally, in-situ SE results show that the void fractions of 30 Å thick films 
deposited on H-Si surface are 5-10 time higher than for films deposited on native silicon 
oxide surfaces. Therefore, a 5-10 times higher surface roughness could be expected for 
films deposited on H-Si surfaces. However, only a slight surface roughness increase is 
measured by AFM (Figure 39). This difference can be explained by either ZrO2 layer 
density or the finite AFM tip size. Films deposited on H-Si surface have high void 
fractions. The void can either exist in the ZrO2 layer or in the surface roughness layer. 
The void fraction is not directly related to surface roughness unless the films are high-
density films like those deposited on native silicon oxide surfaces. TEM results show that 
the grain sizes of 30 Å films deposited on the H-Si surface are less than 50 Å. Since the 
radius of curvature of AFM tips is approximately 20 Å, the finite tip size could be a 
limitation for AFM measurements. Despite these limitations, AFM results support those 
obtained from in-situ SE measurements.  
In brief, high-k gate dielectric applications require accurate measurement of ultra 
thin films. This can be challenging for some typical surface characterization tools due to 
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both instrumental limitations and the complex structure of these ultra thin films. Careful 
confirmation of the results from different surface analysis tools is necessary.  
 
5.5 Conclusions 
We used in-situ and ex-situ SE, AFM, TEM, ToF MEBS, and ARXPS to study 
the properties of 30 and 60 Å thick ZrO2 films deposited at different temperatures on H-
Si and native silicon oxide surfaces. Results show that the initial-stage depositions of 
ZrO2 on H-Si and native silicon oxide surfaces are different. A 3-D nucleation process of 
ZrO2 on H-Si results in high surface roughness films, while a layer-by-layer deposition 
on native silicon oxide surfaces results in uniform ZrO2 films. The interfacial layer is 
formed through two independent mechanisms: the reaction between ZTB or its 
decomposition intermediates with the starting surface, and the diffusion of reactive 
oxidants through the ultra thin ZrO2 layer and the newly formed interfacial layer down to 
the silicon substrate to form silicon suboxide. We also compare the thickness 
measurement results obtained from different tools and discuss their limitations.  
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CHAPTER VI 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
When we started this project, much of the attention in the field was focused on 
material selection and the physical properties of desired materials, such as band offsets, 
band gap, and dielectric constants. Over the last few years, more and more evidence has 
shown that the high-k dielectric deposition process strongly influences film properties. 
ALCVD, MBE, and MOCVD are candidate processes for high-k gate dielectrics since 
they do not damage the silicon substrate. All of these deposition processes are also 
expected to be able to deposit high-k dielectric films with controlled microstructure, 
thickness, and properties. However, as we showed in Chapter II, these processes are all 
strongly affected by the factors during the initial-stage deposition, such as chemical 
reaction, nucleation, and coalescence. We chose ZrO2 as the gate dielectric material and 
HV-CVD as the deposition method to study the details of the initial-stage deposition, and 
gave a general description of the initial-stage deposition of ZrO2 on different surfaces.  
The ultra thin nature and the complicated structure of high-k gate dielectric films 
make it challenging for both deposition and characterization. We developed both in-situ 
and ex-situ SE characterization methodologies for high-k gate dielectric films. We first 
developed a methodology to characterize ZrO2 films deposited on the silicon substrate 
using ex-situ SE. We demonstrated that proper modeling of the optical properties of the 
interfacial layer is the key to accurate ellipsometric characterization of ZrO2 films. Based 
on a stacking model consisting of an EMA surface-roughness layer, a TL layer to 
represent the ZrO2 layer, and a second TL layer to represent the interfacial layer, we 
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extracted the thickness of each layer in the three-layer stack structure. The extracted 
thickness and effective surface-roughness values were in good agreement with physical 
measurements, including AFM and TEM results. We separated the optical constants of 
ZrO2 from those of the interfacial layer, and uniquely extracted TL parameters to depict 
the optical constants of ZrO2, which were consistent with published data. We also 
extracted the optical constants of the interfacial layer from ZrO2 samples deposited by 
HV-CVD under tight environment control. The optical constants of the interfacial layer 
suggest that the interfacial layer is a non-stoichiometric zirconium silicate.  
 Thereafter, we used in-situ SE method to study the initial stage deposition 
process of ZrO2 from ZTB on both native silicon oxide and H-Si surfaces. We compared 
the results obtained from different SE models to the results from AFM, and discussed the 
issues for in-situ SE characterization on ultra thin ZrO2 films during the initial-stage 
deposition. We extracted the optical constant of high-density ZrO2 films during 
deposition. We discovered that ZrO2 films deposited of native silicon oxide surfaces have 
higher refractive indexes and film densities. We showed that different nucleation and 
coalescence processes during the initial-stage deposition on different surfaces affect the 
properties of the deposited films. On H-Si surfaces, the lack of reactive surface hydroxyl 
groups and high surface diffusivity of ZTB molecules lead to 3-D nucleation process. The 
resulting films have high surface roughness, and are inappropriate for gate dielectric 
applications.  On native silicon oxide surface, the highly reactive hydroxyl groups react 
with ZTB molecules to form a high-density layer on the top of native silicon oxide 
surface. At temperatures higher than the decomposition temperature of the t-butoxy 
group, further 3-D nucleation of ZrO2 is suppressed. The resulting films have low void 
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fraction and low topology development, and are more suitable for gate dielectric 
applications.  
Finally, we comprehensively used complementary characterization tools, 
including in-situ and ex-situ SE, AFM, TEM, ToF MEBS, and ARXPS, to study the 
properties of 30 and 60 Å thick ZrO2 films deposited at different temperatures on H-Si 
and native silicon oxide surfaces. This further proved the initial-stage deposition model 
we proposed in Chapter IV. Results show that the initial-stage depositions of ZrO2 on H-
Si and native silicon oxide surfaces are different. A 3-D nucleation process of ZrO2 on H-
Si results in high surface roughness films, while a layer-by-layer deposition on native 
silicon oxide surfaces results in uniform ZrO2 films. The interfacial layer is formed 
through two independent mechanisms: the reaction between ZTB or its decomposition 
intermediates with the starting surface, and the diffusion of reactive oxidants through the 
ultra thin ZrO2 layer and the newly formed interfacial layer down to the silicon substrate 
to form silicon suboxide. We also compare the thickness measurement results obtained 
from different tools and discuss their limitations.  
In summary, this work developed methodologies to characterize deposited films 
by both in-situ real-time monitoring, and ex-situ characterization methods, investigated 
details of the initial-stage deposition of ZrO2 on different surfaces, and discovered the 
mechanism of the formation of interfacial layers between ZrO2 films and the silicon 
substrate. I have the following recommendations for future work: 
1) Use Al2O3 as the interfacial layer. The interfacial layer between high-k films 
and the silicon substrate are critical for successful replacement of the gate silicon dioxide 
dielectric layer. The bonding constraint theory suggests that an amorphous interfacial 
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layer will relax the bonding constraints on the interface. We showed that silicate 
interfacial layer could be formed during deposition. Although silicates have higher 
dielectric constants than silicon dioxide, the properties and uniformity of these silicate 
interfacial layers are major problems. The deposition results on native silicon oxide 
surfaces showed that a hydroxyl group terminated surface is necessary to form uniform 
ZrO2 films. However, the native silicon oxide layer strongly degrades the effective 
dielectric constant of the gate dielectric structure. Additionally, our results demonstrated 
that the interfacial layer is formed through two mechanisms: the reaction between 
precursor and the silicon substrate, the diffusion of oxidant into the silicon substrate. 
When we consider all of these results, the use of an interfacial Al2O3 layer becomes the 
first topic for future research. Al2O3 has a higher dielectric constant (k = 8) than silicon 
dioxide, and is an excellent oxygen barrier. Al2O3 is also an amorphous material, which 
could help relax the bonding constraints. ALCVD results have shown that Al2O3 
deposition on H-Si also has a transition period at the beginning of deposition67. This 
suggests that Al2O3 deposition may also have issues for the initial-stage deposition. 
However, details need to be investigated.  
2) In-situ surface preparation. Wet cleaning, such as RCA cleaning109, is a 
standard method before growing thermal silicon dioxide. The resulting surface is a H-
terminated silicon surface. Our results showed that a hydroxyl groups terminated surface 
or oxidized surface is necessary for depositing uniform ZrO2 films. Although the films 
deposited on native silicon oxide surfaces showed preferable properties, the 10-20 Å 
interfacial oxide layer is not acceptable. Effort must be made to minimize the thickness of 
such interfacial layers. A direct method is to oxidize the silicon surface under vacuum. 
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This needs in-situ characterization tools, such as XPS, AES, to be integrated on to our 
deposition system. 
3) Electrical characterization. The electrical characterization is beyond the scope 
of this work. The discussion of processing conditions and properties in this work are 
based on an understanding of the chemical composition and the microstructure of films. 
These properties only partially satisfy the requirements of high-k gate dielectric films. 
More properties, such as interfacial state density, flat-band voltage, fixed charge density, 
and so on, require detailed electrical characterization. Additionally, we have used 
complementary physical characterization tools to study the properties of films. Detailed 
results from electrical characterization will help to link processing condition, physical 
characterization results, and electrical properties together, and will be very useful for 
process improvement.  
4) Integration with strained silicon surfaces. In the last few years, several 
technologies were developing simultaneously. One of the more and more accepted 
technologies is strained silicon141. Carrier mobility degradation is still a significant 
challenge for high-k dielectric integration. Strained silicon has shown improved carrier 
mobility compared with the silicon substrate141,142. Therefore, using strained silicon will 
potentially help ease the stringent requirements on high-k dielectric/Si interfacial 
properties. The strained silicon layers (typically < 20 nm) are often grown on relaxed 
SiGe substrates under UHV-CVD condition142. Therefore, our deposition system can 
potentially integrate strained silicon deposition, pre-high-k dielectric deposition surface 
preparation, and high-k dielectric into one process.  
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